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FOREWORD 


Tuts foreword to the 1947 Institute of Metals Division volume offers a welcome 
opportunity to review the growth in the programs and publications of the Division 
since its inception on April 26, 1918. Prior to this date, the interests of metallurgists 
had resided in the American Institute of Metals, which, in turn, was an earlier 
offshoot of the American Brass Founders’ Association. The present volume is the 
twenty-first in the Institute series devoted entirely to the proceedings of the Insti- 
ture of Metals Division. Eight earlier volumes of transactions of the American 

Institute of Mining and Metallurgical Engineers contained papers on metallurgy, 
many of them by men still active in Institute affairs. 

The earlier volumes in this Institute of Metals series were very slim, many of 
them containing less than four hundred pages. The steady growth of the com- 
paratively young field of metallurgy and the increased activities of the Division 
are shown by the fact that the volume in recent years has contained approximately 
six hundred pages. Of even greater importance has been the growing need for addi- 
tional publications to provide outlets for special meetings. One such, published in 
1944, was the Symposium on Stress-corrosion Cracking of Metals, held jointly by 
the American Institute of Mining and Metallurgical Engineers and the American 
Society for Testing Materials. The four hundred and ninety-five page book on this 
single subject reveals clearly that the growth of metallurgy has not only taken the 
direction of increased diversification of subject but has also attracted the interest 
of large numbers of metallurgists to a single field. Copies of this volume may still 
be purchased at AIME Headquarters. 

During the past two years, the programs of the Institute of Metals Division 
have been amplified to include symposia on important phases of the commercial 
manipulation of metals. The first of these was held during the annual meeting in 

* February 1946 on the subject Melting Practices in Nonferrous Metals. The pro- 
ceedings of this symposium are now available as a separately bound volume, 
purchasable through AIME. A second symposium, on Rolling Practices for Non- 
ferrous Metals, was held during the annual meeting in March 1947. The plans for a 
separate printing of this symposium are under consideration. 

One of the reasons for the enlargement of the annual volume in recent years 
has been the establishment of the Powder Metallurgy Committee as a Standing 
Committee of the Institute of Metals Division, whose active meetings provide the 
best forum for discussion of this important new field of metallurgy. As other special 
fields in metallurgy develop to the point where separate meetings are required, 
additional Standing Committees will be appointed. The organization of the Institute 
of Metals Division is very flexible, and there is no reason why any special subject 
within the broad field of metallurgy cannot receive the attention which it deserves 
in the Division’s programs. 

It must be apparent that the increasing activities of the Division throw a heavy 
burden on the Programs and Publications Committees. It is a pleasure to recognize 
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the capable work of these committees and, in particular, to extend the appreciation 
of the Division to H. L. Burghoff, Chairman of the Programs Committee, and E. W. 
Palmer, Chairman of the Publications Committee. 

Another example of the growth of the activities of the Institute of Metals 
Division was the New England Regional Conference on Metals, sponsored by the 
Division, held in Boston on May 23 and 24, 1947. This very successful conference 
was carried out under the direction of a committee headed by H. I. Dixon. Arrange- 
ments have already been made to organize a committee to hold a second Conference 
in 1948. It is hoped that the success of our New England members may result in 
the organization of similar meetings in other parts of the country. 

The present volume contains two annual Institute of Metals Division lectures. 
The second paper entitled Electrons, Atoms, Metals, and Alloys was presented at 
the fall meeting in 1946 by William Hume-Rothery. Due to causes beyond the con- 
trol of the lecturer, the usual presentation at the New York meeting in February 
was not possible. The 1947 lecture on the Separation of Gases from Molten Metals 
was presented by Albert J. Phillips at the annual meeting in March. These two 
thoughtful lectures indicate most clearly the wide scope of the field of metallurgy. 
Dr. Hume-Rothery’s lecture was very fundamental in its concept dealing as it did 
with the nature of the metal atoms and the consequences in metal properties of 
differences in atoms. Dr. Phillips’ lecture reduced a practical operating problem 
to its fundamental basis in such a manner as to define accurately the controls 
necessary for successful manufacture. 

In 1946, the Chairman of the Institute of Metals Division became for the first 
time ex officio a director of the Institute. This action has provided additional 
representation for the Division in the affairs of the Institute. It should be added 
that your present Chairman has found in this a real opportunity to acquire a better 
understanding of the major problems of the Institute and a better appreciation 
of the need for mutual cooperation with other divisions of the Institute. 


E. A. ANDERSON, Chairman 


Institute of Metals Division. 
PALMERTON, PENNSYLVANIA, 


August 13, 1947. 
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METALS. DIVISION 


In 1933, the Institute of Metals Division of the American Institute of Mining and Metallurgi- 
cal Engineers established its annual award of an engraved certificate to the author or authors of 
the paper that in the opinion of the award committee represents the most notable contribution to 
metallurgical science among the papers that have been accepted by the Division for presentation 
at one of its meetings and have been published by the Institute within the three years preceding 
the date of award. The award is made by the Division each February. There are no restrictions 
with respect to nationality, age or occupation of the author or authors. 

Awards have been made as follows: 
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j E042 
z, 1043 
1944 


1945 


1946 


1947 


Robert F. Mehl and Charles S. Barrett: Studies upon the Widmanstitten Structure, 
T—Introduction. The Aluminum-silver System and the Copper-silicon System. TRANS- 
ACTIONS (1931) 93, 78-110 

E. A. Anderson, M. L. Fuller, R. L. Wilcox and J. L. Rodda: The High-zinc Region of the 
Copper-zinc Phase Equilibrium Diagram. TRANSACTIONS (1934) III, 264-292. 

Cyril S. Smith and W. Earl Lindlief: A Micrographic Study of the Decomposition of the 
Beta Phase in the Copper-aluminum System. TRANSACTIONS (1933) 104, 69-105. 

Arthur Phillips and R. M. Brick: Effect of Quenching Strains on Lattice Parameter and 
Hardness Values of High-purity Aluminum-copper Alloys. TRANSACTIONS (1934) III, 
Q4-I12. 
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W. A. Anderson and R. F. Mehl: Recrystallization of Aluminum in Terms of the Rate of 
Nucleation and the Rate of Growth. TRANSACTIONS (1945) 161, 140-167. 
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THE INSTITUTE OF METALS LECTURE 


An annual lectureship was established in 1921 by the Institute of Metals Division, which has 
come to be one of the important functions of the Annual Meeting of the Institute. In 1934 the ~ 
Division established the custom of presenting a certificate to each lecturer. 

A number of distinguished men from this country and abroad have served in this lectureship. 
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1923 Solid Solution. By Walter Rosenhain. 
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1932 The Age-hardening of Metals. By Paul D. Merica. 

1933 Present-day Problems in Theoretical Metallurgy. By Georg Masing. 

1934 Ferromagnetism in Metallic Crystals. By L. W. McKeehan. 

1935 Gases in Metals. By C. A. Edwards. 

1936 Diffusion in Solid Metals. By Robert F. Mehl. 

1937 Refractories. By R. S. Hutton. ; 

1938 The Nature of Metals as Shown by Their Properties under Pressure. By P. W. Bridgman. 

1939 The Creep of Metals. By D. Hanson. 

1940 Acceleration of Rate of Corrosion by High Constant Stresses. By Edgar H. Dix, Jr. 

1941 Some Fundamentals of the Flow and Rupture of Metals. By George Sachs. 

1942 Notes on the History, Manufacture, and Properties of Wrought Brass. By Wm. Reuben | 
Webster. 

1943 Applications of the Electron Microscope in Metallurgy. By V. K. Zworykin. 

1944 Some Problems in Organizing Industrial Research. By W. M. Peirce. 

1945 A New Microscopy and Its Potentialities. By Charles S. Barrett. 

1946 Electrons, Atoms, Metals and Alloys. By William Hume-Rothery. 

1947 The Separation of Gases from Molten Metals. By Albert J. Phillips. 
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The Separation of Gases from Molten Metals 


By Apert J. PHitiirs,* Mremper AIME 
(Institute of Metals Division Lecturet) 


Ir is a privilege and a pleasure to 
deliver this, the Twenty-sixth Annual 
Institute of Metals Division Lecture. 
Eleven years ago C. A. Edwards addressed 

- this audience on the subject “Gases in 
~ Metals.” In spite of this relatively recent 
_ presentation, I propose to present to 
you some quantitative considerations of 
industrial significance on the separation 
_ of gases from molten metals because 
recent observations and measurements, 
* presented in the literature, have made it 
possible to evaluate mathematically the 


gases or gas-forming elements and_ to 


__ develop an understanding of the mecha- 


fo 


x 


nism of gas separation that should permit, 
- in many cases, the control of this baffling 
phenomenon. 


DEFINITIONS 


Before becoming involved in the subject 
it seems desirable, for the sake of clarity, 
to state certain definitions and axioms: 
Z x. We are dealing only with gases that 
separate from the molten metal either 
- during cooling or in the transition from 
liquid to solid. Gases injected by the 
- liquid stream and trapped in the solidified 
metal, or those forced into the solidifying 
metal from the mold due‘to either thermal 
pe or chemical effects are not considered. 
~ Neither are we concerned with the separa- 
tion of gases within the metal after solidi- 
: fication is complete for the data on this 


Manuscript received at the office of the 
Institute March 26, 1947. Issued as TP 2208 in 
METALS TECHNOLOGY, June 1947. 

_* Manager, Research Department, American 
Smelting and Refining Co., Barber, N. J. 
-—s- + Twenty-sixth Annual Lecture. Presented 
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subject are at least complete enough to 
permit the practicing metallurgist to 
satisfactorily control the phenomenon. 

2. Only where there is a decrease in 
solubility or a change in equilibrium of 
either a gaseous element or an element 
that reacts to form a gaseous compound, 
can there be a separation of a gaseous 
phase from the liquid or solidifying metal. 

3. The amount of gas separating from 
the liquid during solidification can be 
computed directly from the amount of 
the element contained in the liquid when 
freezing commences less the amount of 
the element found in the solid either as a 
separate solid phase or in solid solution. 

4. There can be no separation of gas 
bubbles unless the total pressure of the 
gases in the liquid metal exceeds atmospheric 
pressure plus the hydrostatic pressure of 
the liquid metal head. (In addition, pres- 
sure resulting from surface tension in- 
creases the total pressure requirement for 
initial gas separation. Probably the re- 
markable differences in appearance caused 
by different gases in the same host metal 
are influenced greatly by the rate of 
diffusion of the gas in the liquid metal 
balancing the decrease in pressure as the 
gas bubble size increases and the surface 
tension effect decreases. Thus hydrogen 
with its high diffusion rate in liquid copper 
separates in the form of relatively coarse 
cavities for a given rate of heat extraction.) 

5. Gas separation can take place at 
less than atmospheric pressure in the voids 
created by the shrinkage from liquid to 
solid, but since the voids are not caused ' 
by the gas the presence of gas in the 
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voids is of importance only where it. 


interferes with subsequent operations by 
preventing welding or causing blisters etc. 
It is important to note, however, that the 
gases separating below atmospheric pres- 
sure in shrinkage cavities may at times 
form true gas cavities when the cast- 
ing is made in such a way as to permit 
feeding of liquid metal to fill the shrinkage 
voids. Consequently, the difference between 
shrinkage voids and gas bubbles may be 
difficult to recognize and is demonstrated 
only by controlled solidification tests. 


GAS-FORMING ELEMENTS 


In order to determine the sources and 
amounts of gas-forming elements to be 
found in metals, a list and general descrip- 
tion of the gases that give trouble is 
essential. 


Oxygen 


Since most metals are handled in the 
molten state in contact with an atmosphere 
containing some oxygen, and since most 
metals react with oxygen, this element 
should naturally be suspected first when 
gas trouble is encountered. However, our 
thinking in recent years has developed 
in such a way that while we recognize 
that oxygen reacts with a variety of 
elements to form gaseous compounds, 
we attribute the resulting difficulties to 
either the compound that separates or 
to the non-oxygen component of the 
compound. As a result, insufficient atten- 
tion is paid to oxygen in studying gases 
in metals. There is certainly no more 
reason for regarding hydrogen as the 
critical component of a melt from which 
steam separates in the form of gas bubbles 
than there is for regarding oxygen as the 
critical offender. As a matter of fact, it 
will be shown later that in casting tough- 
pitch copper, oxygen is the controlling 
factor and variation of hydrogen content 
within the limits normally possible in the 
metal is of little importance. 


Moreover, in the case of the silver- 
oxygen system there are adequate data 
to prove that oxygen itself (uncombined 
with other elements) may cause gas 
bubbles to form. However, in most other 
metal systems the dissociation pressure 
of the oxygen compound is much less 
than one atmosphere (as with Fe, Cu, Al, 
Zn, etc.) or there is no reaction at all 
with the element (as with Au, Pt, etc.). 


Hydrogen 

Hydrogen is unquestionably 
in most high-melting metals from alumi- 
num on up. Sievert’s! early work on the 
solubility of hydrogen in copper affords 
the classical illustration of the behavior 
of gases in metal and Fig 1 is taken from 
his data. In addition to weight units for 


hydrogen, volume units are also shown | 


expressed as volumes of H2 at the melting 
point of copper in percentage of the 
volume of the liquid copper at the same 
temperature. It is felt that these volume 
units indicate the order of magnitude of 
the potential damage that can be caused 
by the separation of the dissolved gas. 
The data show that the separation of 
hydrogen from copper during solidification 
can amount to 154 pct of the volume of 
the copper itself. That damage of this 
order of magnitude is possible is illustrated 
by Fig 2, which shows a longitudinal 
section of a round rod of copper melted 
in a hydrogen-rich atmosphere and poured 
in the same atmosphere into a water- 
jacketed mold 34-in. i.d. 

To obtain damage to this degree from 
hydrogen alone, the melting atmosphere 
must be very rich in hydrogen. Sieverts! 
demonstrated that the solubility of hydro- 
gen is proportional to the square root of the 
pressure. From this knowledge and the 
data given in Fig 1, we can calculate 
the curves given in Fig 3, which indicate 
the solubility of hydrogen in molten copper 
at various temperatures and over a range 


1 References are at the end of the paper. 
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of pressures. Since Fig 1 shows that the 
solubility of hydrogen in solid copper 
at the melting point and atmospheric 
pressure is 19 X 10~* pct, it is evident 


~~ 
S 


PHILLIPS 19 
trouble in molten copper from hydrogen 
alone. 

Even with atmospheres of pure hydro- 
gen, it is only by high-speed cooling of 
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that unless this value is exceeded in the 
liquid copper before freezing commences, 
“hydrogen alone will not be the primary 
cause of gas bubbles. Fig 3 shows that to 
“maintain 19 X 10~* pct hydrogen in the 
liquid copper at its melting point a partial 
pressure of almost 100 mm of hydrogen 
_ in the surrounding atmosphere is necessary. 
Even when superheated to 1400°C the 
_ metal will require an atmosphere of 25 mm 
partial pressure of hydrogen to saturate it 
- sufficiently to cause gas bubbles to form 
upon freezing, assuming that the super- 
heated metal could be cooled to the melting 
point without escape of hydrogen. This 
indicates quite plainly that no normal 
furnace atmosphere will ever be suffi- 
| ciently rich in hydrogen to cause gas 
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the saturated copper that we can obtain 
gas cavities in the solidified metals as was 
illustrated by Allen.? This is probably 
due to the very high diffusion rate of this 
gas in molten and even solid copper. It 
seems probable that hydrogen is unique 
in that it dissolves interstitially. If this 
is true it may be argued that hydrogen 
atoms dissolved in molten copper retain 
the freedom and speed of a gas and enter 
and leave the metal with an ease and 
speed unobtainable with other elements. 
These other elements, though gas forming, 
go through a process akin to condensation 
as they become part of the liquid and 
share atomic spaces with the copper. 

The high speed of the hydrogen atom, 
particularly in separating from the satu- 
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rated liquid, together with the relatively 
high solubility of hydrogen in most solid 
metals at elevated temperatures, makes 
it possible to control this element and 


Fic 2—HypDROGEN GAS CAVITIES IN COPPER. 


substantially to prevent the formation of 
gas cavities caused by hydrogen alone. 
Thus, in metals like aluminum, where 
the solid solubility of hydrogen is prac- 
tically zero, hydrogen can be the principal 
cause of gas cavities such as are illus- 
trated in Fig 4. However, in these cases 
the gas is readily reduced to an acceptable 
value by removing the source of hydrogen 
and flushing the metal with an inert gas. 


Steam 


While it may be contended successfully 
that gas cavities caused by hydrogen 
alone need not be encountered in metal- 
lurgical practice, hydrogen in combination 
with oxygen is much more difficult to 
control and is the demonstrated cause of 
cavities in a great variety of metals. 
It is probable that steam is not soluble 
as such in either liquid or solid metals 
but its components hydrogen and oxygen 
are invariably more soluble in the liquid 
metal than in the solid, resulting in a 


separation of steam during solidification 
which can be either useful or destructive, 
depending upon the circumstances. This 
subject will be examined later. 


Sulphur Dioxide 


That sulphur dioxide can cause con- 
siderable damage in metals having a 
high tolerance for oxygen has been known 
to copper metallurgists for years and was 
conclusively demonstrated by Skowronski.* 
The results of adding sulphur to regular 
wirebar copper, increasing it from 0.0015 
pct to 0.0022 pet, are illustrated in Fig 5. 
Here again the mechanism is one in which 
the individual elements are highly soluble 
in the molten metal but combine to form 
an insoluble gas upon cooling and freezing. 
A quantitative examination of the mecha- 
nism of sulphur dioxide formation in 
copper can be made because both elements 
are analytically determinable in the range 
of interest. It seems reasonable that the 
mechanism of gas separation, once having 
been . demonstrated with sulphur and 
oxygen in copper, can be applied by 
analogy to other elements and in other 
hosts where analytical difficulties will 
not permit precise determinations of the 
values involved in the reaction. 


Carbon Monoxide 


That oxides of carbon can be a principal 
cause of gas trouble will hardly be con- 
tested by steel metallurgists but in the 
metallurgy of copper a controversy has 
waxed for many years as to whether or 
not carbon monoxide is soluble in copper. 
As a matter of fact, the gas probably is 
not soluble, but the contention of many 
practicing metallurgists that an oxide of 
carbon can cause gas cavities was sup- 
ported by the work of Bever and Floe5 
when they showed that liquid copper can 
dissolve carbon to a very limited degree 
but in sufficient amounts to cause a 
serious separation of gas, as will be shown 
later. Here, again, the components are 
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soluble in the liquid metal, the gas itself 
is insoluble. 


Other Gases 


The solubility of other gases, such as 
nitrogen, carbon dioxide, hydrogen sul- 
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availability of high-purity metal, the 
ease with which the metal can be manip- 
ulated at the melting point, and the 
excellent analytical methods developed 
have made it attractive for experimental 
studies. Certainly the splendid data of 
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-phide or hydrocarbons, in liquid and solid 
metals has received some attention in the 
literature, but general agreement and 
particularly quantitative data demon- 
‘strating solubility are almost completely 
lacking, so for present purposes only the 
elements hydrogen, sulphur and carbon, 
particularly in equilibrium with oxygen 
in molten metals, will be considered. The 
study will be centered upon copper 
because it is believed that more complete 
quantitative data are available for this 
metal than for any other. The ready 


a 


Allen and Hewitt® on the hydrogen- 
oxygen equilibrium in molten copper, and 
the decisive and enlightening contribution 
of Floe and Chipman’ on the sulphur- 
oxygen equilibrium in the same metal, 
supply basic data that permit deductions 
with regard to the separation of gas 
phases from high-temperature metals with 
a precision heretofore unobtainable. 


SouRCES OF GAS 


While numerous suggestions have been 
made as to possible sources of the gases 
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that cause cavities in solid metals, it is 
here contended that the conditions that 
introduce the gases, or at least the con- 
trolling gas-forming element, are usually 


Fic 4—GAS CAVITIES IN ALUMINUM. 


in the melting furnace itself and come 
from the solid, liquid or gas phases in 
direct contact with the molten metal. 
Reactions between a liquid metal and 
the furnace lining or the slag or dross 
cover floating on its surface may be the 
cause of gas separation from a metal in 


In fact, tightly closed electric furnaces 
when newly lined can have an atmosphere 
of almost pure steam and result in a 
degree of gas damage in some alloys that 
cannot be duplicated in fuel-fired furnaces, 
as is illustrated in Fig 6. 

In Table 1 are listed the partial pressures 
of H:O, COez, and SOe2 in various gas 
atmospheres, and reference to this table 
will be made later when computing the 
degree of damage that can be caused in 


‘metals in contact with the gases given. 


TaBLE 1—Partial Pressure of Various 


Compounds in Air and in Products of 
Combustion (Perfect) of Various 
Fuels 


Pressure in MmHg; 760 mm = 1 Atm 


Air 25 pct, R.H., 10°C.... 2:3 0.23 

Air 100 pct R.H., 30°C: ..) 35s 0.23 

City: fascia. wane wis 129 76 0.05 
Natural gas (raw)........ 144 76 0.2 

Fuel oil (0.5 pct S)........ 90 103 0.2 

Fuel oil (a;pct-S) nc... 90 103 0.9 

Bituminous coal..........| 120 49.5 0.7 

COKE. s ileclaw's an soe atone 4 156 0.4 


In order to indicate the magnitude of 
the gas volumes that can be formed by 
the separation of the gases mentioned, 
Table 2 has been prepared showing the 
volume of gas that can be produced by 
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specific instances. However, the commonest 
source of the gas-forming elements in 
metals is the gaseous atmosphere of the 
melting furnace. This may be true even 
in electric-furnace practice, where there 
are no contaminating products of com- 
bustion such as exist in fuel-fired furnaces. 


the separation of o.occo1 pct by weight 


of the element indicated. The volume © 


is expressed in percentage of the volume 
of molten copper computed at 1065°C. 
The reason for selecting 1065°C, the 
melting point of the copper-oxygen eutectic, 
instead of 1083°C, the melting point of 


a es es, eh 


copper, will become apparent later. The 
usual data in the literature when dealing 
0 with gas volumes express them at normal 
temperature and pressure. However, it is 


_ felt, as stated before, that the gas volumes 
as expressed in Table 2 permit visualization 
- more readily of the possible effects of the 
_ gas separation from the molten metal. 
A Obviously, the same weight values ex- 

_ pressed in terms of the volume of molten 

iron would indicate even greater gas 
~ volumes. 


_ TABLE 2—Volume of Gas in Molten Copper 
at 1065°C That Can be Generated by 
Separation of o.coo1t Per Cent by 
Weight of Various Elements 


Element Gas Vol. Pct 
H Hz or H20 44.0 
Cc CO or COz 772 
) SOz Plat | 
O H:20 or CO 5.5 
Oo CO: or SOz 2.7 


_ It is interesting to bear in mind when 
noting the volumes listed in Table 2 

B that the decrease in volume that takes 
place when molten copper freezes is about 

. 4.7 pet. Thus a little more than one part 
of hydrogen to to million parts of copper 
“separating in the form of Hz or H,0 will 
offset the normal liquid to solid shrinkage 


COPpPER-SULPHUR-OXYGEN SYSTEM 


Molten copper dissolves large amounts 
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compound Cu2S and upon freezing forms a 
eutectic at 0.77 pct sulphur and at 1067°C. 
Oxygen is likewise dissolved by molten 
undoubtedly as the compound 


copper, 
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Cu,0, and upon freezing the system shows 
a eutectic at 0.39 pct oxygen and at 
1065°C. 

Floe and Chipman’ have demonstrated 
conclusively, in spite of statements in the 
literature to the contrary, that SO: 
dissolves in liquid copper according to 
the following simple equation: 


6Cu (7) + SO: (g) = CurS (in / Cu) 
+ 2Cu,0 (in /Cu) 


Moreover, they determined the equilibrium 
constants for this reaction over a range 
of temperature and demonstrated the 
anticipated straight line for log K plotted 


against 7 T 


From Floe and Chipman’s ee Fig 7 
has been constructed to show the sulphur 
and oxygen contents of copper in equilib- 
rium -with various partial pressures of 
SO, at 1250°C—about the maximum 
temperature to which copper need be 
superheated. Since properly prepared cop- 
per will contain somewhat less than 
0.03 pct oxygen while in the furnace 
ready to cast, and since the sulphur 
content must not exceed 0.002. pct, it is 
evident from the data in Table 1 on the 
partial pressures of SO2 in the products 
of perfect combustion of various fuels, 
that there is no commercial fuel low 
enough in sulphur to permit its use in 
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retaining molten copper ‘fat set” for 
an indefinite period of time. 

Practical metallurgical experience has 
proved beyond a doubt that the control 


OS 


molten metal is less than the eutectic 
composition, an increased content of 
sulphur must be present for SO2 separa- 
tion, and if the oxygen content of the 


66a +50, = Cu,St+2Cu,0 
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of sulphur content is essential in the 
production of level-set copper castings. 
However, it is not immediately obvious 
how the presence of sulphur and oxygen 
equivalent to a partial pressure of 0.05 mm 
of SOz can exert an appreciable influence 
on the density of solidifying copper. As 
a matter of fact, Floe and Chipman’s’ 
data permit us to calculate the sulphur 
and oxygen contents in liquid copper at 
its melting point in equilibrium with SO, 
at 1 atm pressure and we find, as illus- 
trated in Fig 8, that at least 0.04 pct 
sulphur in the liquid metal is necessary 
if SOz alone is to separate at atmospheric 
pressure. If the oxygen content of the 


liquid copper is less than o.1 pct no SO2 


bubbles will separate even if the sulphur 


content is increased to 0.77 pct, the sul- 
phide eutectic composition. 

From the foregoing it is evident that a 
study of the composition changes in the 
liquid that take place during freezing is 
essential if the mechanism of gas separation 


is to be understood. In Fig 9 the copper- — 


oxygen diagram is illustrated, and from 
it the increase in oxygen content of the 
liquid metal that takes place as freezing 
progresses can be computed accurately. 
The curves given in Fig 10 show graphi- 
cally, for a number of different initial 
oxygen contents, the change in both liquid 
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and solid copper as solidification takes 
place, assuming equilibrium is attained 
during freezing. Thus with an_ initial 
oxygen content of 0.01 pct the last drop 
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of liquid to freeze approaches 0.39 pct 
oxygen. If the initial content is 0.02 pct 
oxygen the last 2.5 pct of liquid to freeze 
will be of eutectic composition, 0.39 pct 
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quite representative of commercial tough- 
pitch copper) the last 6.5 pct of liquid to 
freeze will be of eutectic composition. 

If we assume that the solid solubility 


6 Cu 450, = Cu,5¢+20u,0 
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Copper -Oxygen System 
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of sulphur in copper is zero, it is quite 
simple to compute the concentration of 
sulphur in the liquid metal as freezing 
progresses. Fig 11 shows graphically the 
change in sulphur content of the liquid 
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copper as freezing progresses, for several 
different initial sulphur contents. We 
find that with o.co1 pct sulphur in the 
initial metal, when the metal is 97.5 pct 
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evolved. If the initial assumption with 
regard to the zero solid solubility of sulphur 
is correct, all of the sulphur should be 
evolved as SO: during the freezing of 
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solid, the liquid will contain 0.04 pct 
sulphur, the amount necessary to generate 
SO2 at atmospheric pressure if the liquid 
also contains the eutectic composition of 
oxygen. 

Commercial copper commonly contains 
0.035 pct oxygen and o.oo1 pct sulphur. 
If we follow the changes in both oxygen and 
sulphur content as freezing progresses 
we find that when the metal is 93.5 pct 
solid the copper-oxygen eutectic starts 
to separate and, of course, from that 
point on the oxygen content of the liquid 
remains constant. However, the sulphur 
continues to concentrate until the metal 
is 97.5 pct solid when SOs should be 
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this last 2.5 pct of liquid, and in addition 
there would be no sulphur left in the 
solidified metal except as minute gas 
bubbles. Table 2 indicates that the volume 
of SO2 evolved under these conditions 
would be 27 pct at atmospheric pressure. 
Since commercial copper seldom contains 
more than 5 pct voids, and always con- 
tains between 0.001 and 0.002 pct sulphur, 
it is obvious that the sulphur must be 
largely alloyed with the metal. 
Undoubtedly there is a_ substantial 
solid solubility of sulphur in copper. 
Smart and Smith? demonstrated that 
0.002 pct sulphur is soluble in copper at 


800°C. This value can readily be extra-_ 
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polated to 0.01 pct at the eutectic tem- 
perature. If in addition we assume a 
favorably concaved liquidus curve from 
the eutectic temperature to the melting 


200 


point of pure copper, we obtain the dia- 
gram given in Fig 12, from which we can 
_ calculate the change in sulphur content 
a of liquid and solid as freezing takes place. 
___ Fig 13 illustrates graphically the changes 
in both solid and liquid composition that 
_ take place during the latter stages of 
_ freezing, assuming as one extreme no 
- diffusion within the solidified metal and 
as the other extreme complete diffusion 
within the solidified metal and complete 
equilibrium with the liquid metal. Thus, 
we find that starting with o.oo pct sulphur 
and any oxygen..content above 0.017 pct 
no SOz will be evolved until more than 
97. 66 pct of the metal has solidified, 
even if there were no diffusion of sulphur 
within the solidified metal. Only a very 
partial diffusion of sulphur within the 
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solidified metal will result in no tendency 
at all for SO2 alone to separate as bubbles 
in the liquid metal, as shown by the dotted 
curves of Fig 13. 


Copper at /Telting Pomp 
(assuming no solid solibifity 
of sulphur) 
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Fic 11—CHANGE IN SULPHUR CONTENT OF COPPER REMAINING LIQUID DURING FREEZING. 


Thus it becomes evident that the 
evolution of SO: in solidifying copper 
depends upon: (1) the equilibrium re- 
lationship between sulphur and oxygen to 
create SO2 gas at one atmosphere pressure 
in the liquid copper; (2) the equilibrium 
relationship between solidifying copper 
and the liquid copper;.and (3) the rate 
of diffusion in the solid copper. From 
Fig 13, it can be computed that with 
0.001 pct sulphur the volume of SO2 that 
can be given off can vary from zero to 
25 pct, depending on the rate of heat 
extraction as it affects the rate of diffusion 
of sulphur in the solidified copper. Fig 14 
is like Fig 13 except that the initial sulphur 
in this case is 0.002 pct and the initial 
oxygen content is assumed to be in excess 
of 0.025 pct. Here the evolution of SO» 
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Fic 12—ConsTITUTION DIAGRAM, COPPER-SULPHUR SYSTEM. 
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Fic 13—CHANGE IN SULPHUR CONTENT OF LIQUID AND SOLID COPPER DURING FREEZING STARTING __ 
WITH 0.001 PCT. 


will have limiting values of zero and 
41.5 pct by volume. Fig 15, representing 
the data for metal containing initially 
_ 9.003 pct sulphur (and more than 0.033 pet 


Sulohur, % by WH 
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> evolved under normal freezing condi- 
ons. With 0.002 pct sulphur, it is probable 
hat varying the freezing condition will 
vary the amount of SO» evolved in the 
mportant range of from zero on up. 
With 0.003 pct sulphur even the theoretical 
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minimum amount of SO: that could be 
evolved cannot be tolerated. 

All of the foregoing is based upon the 
assumption that the initial oxygen content 
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is sufficiently high to ensure the separation 
of the copper-oxygen eutectic before the 
evolution of SOz at atmospheric pressure 
begins. This is illustrated by the com- 
position changes shown by the dotted 
line a in Fig 8. Let us now examine the 
mechanism of SO2 evolution at the critical 
composition of 0.002 pct sulphur but with 
only 0.012 pct oxygen. Assuming initially 
no diffusion of sulphur in the solid we 
find that the sulphur concentrates the 
same as with the higher oxygen as given in 


30 THE SEPARATION OF GASES FROM MOLTEN METALS 


Fig 14, but does not stop at 0.0415 pct 
sulphur in the liquid and 0.0023 pct sulphur 
in the solid. The dotted line shows how 
it increases until the metal is 98 pct solid, 


Cx opper at STelting Fink 


205| Initial $*000I% 


Initial 0770033 % 


Sulphur, by Wr 


000 


Q000! 


76 80 84 


8 
% Solid 


oxygen increases to the eutectic value. 
The sulphur at the solid interface must_ 
decrease from 0.0037 pct to 0.0023 pct by 
reacting with the liquid to form SO2 gas. 
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FIG 15—CHANGE IN SULPHUR CONTENT OF LIQUID AND SOLID COPPER DURING FREEZING STARTING 
WITH 0.003 PCT. f 


at which point SOs, is evolved although 
the liquid has concentrated in oxygen to 
only 0.275 pct. This is best illustrated 
by Fig 8, where the dotted line b shows 
the changes in composition that take 
place during solidification. When the 
metal is 98 pct solid the sulphur content 
of the liquid has reached 0.078 pct and 
the oxygen content 0.275 pct. During the 
solidification of the next 1 pct of liquid 
metal SO, forms so rapidly that the sulphur 
decreases to 0.0415 pct in the metal 
remaining liquid. At the same time the 


The rate of ejection of sulphur from the 
liquid during this freezing interval is about 
214 times the rate of ejection of sulphur 
from the liquid along the copper-oxide 
eutectic line. Conceivably during the 
freezing of this 1 pct of liquid copper, SO: 
can separate 30 times the volume of the 
liquid freezing. From this it is evident 
that for certain critical sulphur com- 
positions a low oxygen content may delay 
the separation of SOz to such a late stage 
of freezing that the rate of sulphur elimina 
tion from the liquid increases to such ar 
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extent that it can generate excessively 


high gas pressures in the solidifying metal. 
Thus while a low-oxygen copper cannot 
change materially the amount of SO, 
that should be evolved, it can increase 
the pressure of the SO: enormously by 
controlling the point at which liberation 
takes place. While it is realized that the 
data upon which these calculations are 
based are not accurate enough to warrant 
rigid insistance upon the absolute values, 
yet it is felt that even these fit commercial 
operations reasonably well, and the con- 
clusions with regard to mechanism fit 
most observations remarkably well. 

A summary of the deductions made 
with regard to the copper-sulphur dioxide 
system is as follows: 

1. There is no commercial fuel low 
enough in sulphur to permit a prolonged 
retention of molten copper and its alloys 
in contact with the products of com- 
bustion without sulphur pickup except 
where the oxygen content of the melt 
is above 0.025 pct, a condition impossible 
of attainment with most copper alloys. 

2. If the initial sulphur content of a 
melt is less than 10.5 pct of the oxygen 
content, the maximum concentration of 
sulphur that can build up in the liquid 
as freezing progresses is 0.0415 pct, at 
which point SOz tends to separate. 

3. If the melt initially contains less 
than a certain amount of sulphur, here 


assumed at 0.0023 pct SOz will not neces- 


_ sarily separate, because all the sulphur 
~ can be dissolved in the solid before the 
~ concentration of the liquid reaches 0.0415 
_ pet sulphur. 

4. With initial sulphur contents of 
over 0.0023 pct, sulphur dioxide will 
separate from the liquid metal at the 


constant rate of about 11 pct by volume 


or 0.0004 pct by weight for each 1 pct of 
liquid to freeze during the freezing of the 
last few per cent of liquid metal. 

- s, With initial sulphur contents of 
4 more than 10.5 pct of the oxygen content, 
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sulphur can concentrate in the liquid 
beyond 0.0415 pct. Under these conditions 
the ejection of SO, from this concentrated 
liquid may take place at an enormous 
rate and subject the nearly solid metal 
to very high internal-gas pressure. 


COPPER-STEAM EQUILIBRIUM 


Allen and Hewitt® in 1933 investigated 
the reaction of steam with molten copper 
over a range of temperatures and pres- 
sures. They calculated equilibrium con- 
stants for temperatures ranging from 
1065° to 1350°C, and it is from these 
data that Fig 16 has been calculated. 
Taking the partial pressures of H.O 
vapor obtained in the products of com- 
bustion of various fuels as given in Table x 
and plotting the corresponding vapor- 
pressure curves in Fig 16, it becomes 
evident that the amount of hydrogen in 
copper that can be in equilibrium with 
considerable amounts of oxygen is ap- 
preciable. In dissolving steam in copper 
the melt will tend to establish an equilib- 
rium hydrogen content in the gas phase 
corresponding to the pressures shown along 
the base of Fig 16. It should be noted 
that the partial pressure of hydrogen in 
low but important concentrations is so 
small that the amount of flushing with 
an inert gas to remove hydrogen to a safe 
value is impractically large. In the case 
of deoxidized copper the moisture content 
of even “‘dry air” is sufficient to introduce 
astonishing amounts of hydrogen when 
expressed in terms of volume per cent. 
Thus, a deoxidized copper or alloy con- 
taining as much as 0.005 pct oxygen can 
still retain in equilibrium, or even absorb 
from ‘“‘dry air” if given time enough, 
7.§ pct hydrogen’ by volume, and from 
“moist air” 28 pct. With complete de- 
oxidation the amount of hydrogen that 
can be absorbed is limited only by the 
hydrogen partial pressure that can develop 
in the gas phase. Fortunately, at rather 
low concentrations of hydrogen the rate 


32 THE SEPARATION OF GASES FROM MOLTEN METALS 


of removal of this element by the sweeping 
action of the gaseous atmosphere balances 
the rate of hydrogen absorption by the 
metal reacting with the H.O in the gas. 
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Assuming that a charge of copper in 
an oil-fired refining furnace is heated to 


1250°C and after refining is reduced with 
green poles, as is usual, to an oxygen 
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Fic 16—EQUILIBRIUM OF WATER WITH MOLTEN COPPER AT 1250°C. 


Quite obviously the fact that the liquid 
metal may contain appreciable hydrogen 
is no proof that the latter will cause gas 
trouble upon solidification, for the actual 
partial pressure of hydrogen in the melt 
will be only a small fraction of an at- 
mosphere. .We have already pointed out 
that unless the combined partial pressures 
of all gases present exceeds 1 atm, gas 
bubbles will not be the primary cause 
of cavities within a casting. Therefore 
a study of the changes in concentration 
and partial pressures that take place 
upon cooling and solidification is needed 
to determine the critical values and 
mechanism that bring about gas bubble 
formation. 


content of 0.02 pct, then, according to 
Fig 16, it can contain 5.4 X 1o-® pct 
hydrogen and even with imperfect furnace 
atmosphere control should contain about 
4 X 107> pet hydrogen by weight, cor- 
responding to around 18 pet by volume 
either free hydrogen or H2O. When this 
metal is poured ‘into molds, 
absorption from the air will increase the 
oxygen content of the metal to commonly 
0.035 pct. In addition the cooling of the 
metal within the mold will further increase 
the partial pressure of H.O to around 
600 mm, as is shown in Fig 17, which 
gives partial pressure curves at the melting 
point of copper, 1083°C. Consequently 
freezing will commence with no tendency 


controlled 
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for gas bubble formation but undoubtedly 
there will be some loss of hydrogen as 
steam due to evaporation from the surface 
’ as the partial pressure of steam in the metal 
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~ becomes larger than that in the surrounding 


a will be low in oxygen, as is shown in Fig 9, 
in which the solid solubility of oxygen in 
copper at the melting point is assumed to 
__ beo.or pet, the value conservatively extra- 
- polated by Phillips and Skinner. It is 
_ probable that the oxygen content of the 
solid in equilibrium with the liquid con- 
taining 0.035 pct oxygen will be less than 
0,001 pet and of course as freezing pro- 
 gresses this will bring about a correspond- 
ing increase of oxygen in the liquid metal. 
This change in oxygen composition of 
~ both the liquid and solid is shown graphi- 
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Fic 17—EQUILIBRIUM OF WATER WITH MOLTEN COPPER AT 1083°C. 
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cally in Fig 10 for several different initial 
oxygen contents. 

In computing this figure it is assumed 
that the rate of diffusion of oxygen into 
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the solid keeps apace with the change in 
composition as freezing progresses, and 
that all of the metal solidified will have a 
uniform composition in equilibrium with 
the remaining liquid as shown by the 
dotted lines. The curves showing the 
change in oxygen content in the metal 
remaining liquid are most significant, 
for it is this change in oxygen that dictates 
the change in partial pressure of steam and 
hence regulates the rate of gas separation. 

Unfortunately, the data from which 
hydrogen distribution between liquid and 
solid can be computed are not as satis- 
factory as those for oxygen. Sievert! 
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showed a ratio of 1 to 0.35 for hydrogen 
in liquid and solid copper at the melting 
point and x atm pressure. While there 
is little reason for assuming that this ratio 
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and at the freezing temperature of the 
composition plotted, as given in Fig 17. 
In other words, as the oxygen concentrates 
in the liquid metal, the amount of hydrogen 
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Fic 18—SCHEMATIC COPPER-HYDROGEN CONSTITUTION DIAGRAM. 


or a fixed ratio should be applied to the 
system containing oxygen, nevertheless 
by assuming this ratio and by comparing 
the system with one in which no solid 
solubility of hydrogen was assumed it 
was determined that the effects of reason- 
able variation in the solid solubility of 
hydrogen on the deductions to be drawn 
are relatively minor. For the purpose of 
the computations to follow we have 
assumed in effect the very probable Cu-H 
constitution diagram given in Fig 18. 

In Fig 19 is shown by means of the 
solid line the change in hydrogen com- 
position in the liquid as freezing progresses. 
The hydrogen in solid solution is shown 
by the lower dotted curve. The contour 
of the curve showing the percentage of 
hydrogen in the metal remaining liquid 
is dictated by the changing oxygen content 
of the liquid as given in Fig 10, and the 
H,0 equilibrium curve at 760 mm pressure 


‘during cooling and freezing, 


that can remain in the liquid decreases 
and H2O is evolved. From Fig 19 the 
rate of gas evolution during freezing can be 
computed and is shown in Fig 20, in which 
the curves indicate the rate of steam evolu- 
tion. It is probable that the actual gas 
evolution is lower than indicated as a 
result of “evaporation” losses of steam 
diffusion 
losses of hydrogen, supersaturation due to 
speed of cooling, surface-tension effects, 
and other such factors. However, none of 
these effects will seriously change the 
shape of the curve and some very interest- 
ing deductions can be made from the 
shape of this and similar curves if not 
from the actual values given. 

1. After gas has started to separate, 
the rate of gas evolution decreases as 
freezing progresses. 

2. The rate of gas evolution toward the 
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Fic 20—EVOLUTION OF STEAM FROM LIQUID COPPER DURING FREEZING. 
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end of the freezing period becomes con- 
stant and is roughly equal to the change 
in volume of the metal from liquid to 
solid. 

3. Increase in initial hydrogen content 
of the metal will increase the total gas 
evolution only by advancing the point 
during solidification at which gas starts 
to separate. Thus, if the initial hydrogen 
content of the metal had been 5 X 1074 
instead of 4 X 1074, steam would have 
evolved from the liquid during cooling 
before solidification started but the rate 
of gas evolution after to pct of the metal 
had solidified would be essentially the 
same as is shown in Fig 20. 

-4. Conversely, decrease in hydrogen 
content of the initial metal will of course 
decrease the total amount of gas to separate 
during solidification, but the rate of gas 
separation during the very important 
later stages of solidification will not be 
materially changed. An initial hydrogen 
content of 2 X 1075 pct in the illustration 
used would have resulted in no gas evolu- 
tion until solidification was 50 pct complete, 
at which point gas evolution would com- 
mence and the rate curve would be 
essentially the same as that shown in 
Fig 20 from 50 pct solidification on to 
completion. 

5. Change in the oxygen content of the 


liquid metal materially changes the rate 


of evolution but not the amount of gas. 
This is illustrated in Fig 20, where curves 
of gas evolution for initial oxygen content 
of 0.0175 pct and 0.07 pct are compared 
with the 0.035 pct oxygen curve. The 
amount of steam evolved in each case is 
the same. However, for the high-oxygen 
copper, steam is evolved even before 
solidification begins while for the low- 
oxygen copper no steam is evolved until 
30 pct of the metal has solidified, and 
then the rate of evolution is extremely 
rapid at first. 

6. It is most interesting to find that 
‘the final rate of gas evolution is the same 


constant rate independent of the initial 
oxygen as well as the initial hydrogen 
content of the metal. 

The amount of steam that Allen and 
Hewitt’s constants indicate should be 
evolved from copper of commercial com- 
position (0.035 pct oxygen) is probably 
more than is experienced in practice, 
and while it has been indicated that there 
are other factors, particularly surface 
tension, which tend to decrease the volume 
of gas, perhaps the most probable explana- 
tion lies in the fact that while the equilib- 
rium constants used are relatively accurate, 
their absolute accuracy may be insufficient 
for the deductions made. Thus, if we 
assume that the amount of hydrogen in 
equilibrium with liquid copper containing 
0.39 pct oxygen at its melting point is 
0.75 X 10-5 instead of the 1.2 X 1075 pet 
computed from Allen and Hewitt’s data, 
the evolution of steam will be indicated by 
Fig 21, and these data are not inconsistent 
with observations regarding rate of surface 
freezing, set, and density of commercial 
wirebar copper. 


COPPER-CARBON EQUILIBRIUM 


Bever and Floe’s' work on the solu- 
bility of carbon in liquid copper has demon- 
strated that the range of solubility is 
from about o.ooor pct at the melting 
point to 0.003 pct at 1700°C. There are 
no satisfactory data as to the solid solu- 


bility of carbon in copper but it seems 


reasonable to assume that the amount 
must be only a fraction of the liquid 


solubility at the melting point and hence 


need not be considered. 
While there are many observations 
that indicate that the equilibrium, 


C (in liquid Cu) + CuO (in liquid Cu) 
= CO (g) + 2Cu (2) 


goes predominately to the right, perhaps 
the strongest data are supplied by the 
many observations that CO and CO, 


are practically insoluble in liquid copper — 
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when tests measuring the absorption of 
these gases are made. Certainly the many 
observations with regard to the soundness 
of copper solidified in an atmosphere of 
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metal takes place at some point in the 
casting procedure. The oxygen could be 
supplied by SOz, H2O, COz or air and the 
amount needed to bring about a very 
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Fig 21—EVOLUTION OF STEAM FROM LIQUID COPPER DURING FREEZING, ASSUMED VALUES. 


CO or COez would indicate that either 
the mechanism and rate of escape of CO 
or CO» from a melt is different from that 
- of H2O or SOx, or the equilibrium constant 


[C] X [0] 


“=P {CO) 


j is extremely small, probably less than 
1 X 10-11, Since the behavior of carbon 


___ and oxygen in iron is quite similar to the 


a ‘behavior of sulphur and oxygen, and 
hydrogen and oxygen in copper, there 
is no reason for assuming an exception 
in the case of carbon and oxygen in copper. 
The presence of either CO or COz in 


_ copper castings made from metal melted 


under conditions of extreme deoxidation 
is explained simply by the assumption 
- that a minute pickup of oxygen by the 


‘appreciable evolution of gas, as was shown 
in Table 2, is of the order of only 0.0001 pct. 

However, it seems improbable that 
commercial “tough-pitch” copper or for 
that matter any commercial “‘deoxidized” 
or ‘oxygen-free’? copper could be pro- 
duced under conditions whereby the 
addition of 0.cocor pct oxygen would be 
significant. On the other hand, many 
alloys of copper undoubtedly have an 
extremely low tolerance for dissolved 
oxygen, and the carbon-oxygen reaction 
should be given due consideration in 
these systems. 


SYSTEM COPPER-SULPHUR-HYDROGEN- 
OXYGEN 


Brief consideration should be given to 
the combined effects of H2O and SOs: 
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evolution. It has already been pointed out 
that gas evolution starts when the sum 
of the partial pressures of all gases exceeds 
one atmosphere. Thus the effects of sulphur 
and hydrogen in oxygen-bearing copper 
are additive and the early separation of 
steam during the course of freezing helps 
to sweep SOz from the liquid. As would be 
expected, the separation of SO. modifies 
to only a slight degree the separation of 
steam during the early stages of solidifica- 
tion, and even in the last stages of solidifica- 
tion becomes significant only when the 
sulphur content approaches the limit of 
solid solubility in equilibrium with the 
limiting liquid concentration. 

Thus with copper containing 0.035 pct 
oxygen, 0.00004 pct hydrogen and 0.002 pct 
sulphur, we find that the partial pressure 
of SOz can be about 95 mm when 15 pct 
of the metal is still liquid. In other words, 
the gas separating at this point would be 
12.5 pct SO, and 87.5 pct H2O. This can 
account for an increased volume of gas 
separation over the last critical period of 
solidification, and tends to make the 
evolution of SO, less abrupt than it would 
be if separation took place in the absence 
of H.0. 


COPPER-REFINING PRACTICE 


The foregoing study permits some very 
interesting generalizations from theory 

that coincide with practical rules built 
upon years of experience. In addition, 
some unexpected deductions have become 
evident that it is hoped will facilitate 
future metallurgical progress. 

1. The hydrogen content of liquid 
copper is relatively unimportant, since 
there will always be sufficient hydrogen 
under normal melting practice to yield 
the minimum amount of steam for “level 
set.” An excess of hydrogen beyond that 
needed is expelled as steam early in the 
cooling and freezing procedure while the 
gas can still escape. 

2. The degree of “poling” in a refining 


furnace can be varied within wide limits . 


providing the oxygen content can be 
brought to the correct value in the casting 
procedure. Thus copper that has been 
poled ‘‘tight”” must absorb more oxygen 
during casting than metal that has been 
just barely brought to “‘pitch.” 

3. “Rainy” metal (i., that which 
creates a spray of copper mist above its 
surface resulting from gas bubble discharge) 
is undoubtedly a result of ‘tightly poled” 
copper containing a relatively large amount 
of hydrogen that separates as steam 
(caused by both oxygen pickup and 
decreased temperature) even before solidi- 
fication commences. 

4. Metal should be held in the furnace 
“at pitch” the minimum time possible 
and using the lowest sulphur fuel available. 
If delays are anticipated the oxygen 
content should be kept above the value 
that will permit sulphur absorption from 
the fuel used and should be poled to the 
correct oxygen content only when ready 
to cast. 

5. Sulphur is not a problem in electric- 
furnace melting of oxygen-bearing copper, 
for even if sulphur is charged to the 
furnace with the copper, the presence of 
oxygen in the metal will ensure discharge 
of the sulphur as sulphur dioxide if the 
laboratory of the furnace is suitably 
ventilated to keep the partial pressure of 
SO, below a maximum of about 0.02 mm. 

6. The set of “good metal” is con- 
trolled almost entirely by the final oxygen 
content and is not influenced by variation 
of the hydrogen content in the furnace 


bath but is influenced by sulphur as it 


approaches the commercial maximum. 

7. It is essentially the combination of 
oxygen with hydrogen to form steam that 
maintains the “level-set” on copper 
castings. 

8. The oxygen content to maintain 
“level-set” will be different for castings 
of different sizes and shapes. A casting 
that has its “free” surface freeze over 
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early as compared with the center should 
run higher in oxygen than a casting that 
has its “free” surface freeze over late. 
In other words, deep bars must run lower 
oxygen than shallow bars to maintain the 
same set. 

9. High-sulphur bars usually will be 
kept higher in oxygen to prevent local 
SO2 swelling, consequently such bars 
usually show a shallow set. 

to. Copper of critical sulphur content 
is extremely sensitive to oxygen change, 
and efforts to raise the set by lowering 
the oxygen content will frequently result in 
“puffed” or marginal ‘‘overpoled”’ bars. 

11. “High-set” or ‘‘crown-set” bars 
as a result of steam can be readily cor- 
rected by increasing the oxygen in the 
metal and the metal will not be unduly 
sensitive to oxygen content. 

12. If the sulphur is quite high (but 
still in the thousandths) true “‘overpoled” 
copper will result with a broken puffed 
ridge, sometimes spewed. High-sulphur 
metal cannot be corrected by oxygen 
adjustment but must be ‘‘reblown” to 
remove the sulphur and then repoled to 
“pitch.” 

13. Low-sulphur copper cannot be over- 
poled. The set of such copper can be raised 
and lowered at will by regulating the 
oxygen content. 


Low-OxyGEN COPPER AND ALLOYS 
Hydrogen in “ Deoxidized”’ Systems 


The quantitative data for deoxidized 
copper systems are extremely fragmentary. 
- Baker and Child!® have published data 
on 10 pct tin bronzes which indicate that 
the solubility of oxygen (presumably in 
the liquid metal) varies from 0.002 pct 
at 0.02 pct phosphorus, to 0.02 pct oxygen 
with no phosphorus. These data are not 
inconsistent with Allen’s observations 
on copper deoxidized with phosphorus 
and it is proposed to use these data with 
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the equilibrium constants developed for 
copper in studying quantitatively the 
evolution of gas from both phosphorized 
copper and tin bronze. 

In deoxidized systems the partial pres- 
sure of hydrogen cannot be ignored and 
curves showing the combined partial 
pressures of hydrogen and water vapor 
are needed, particularly in the extremely 
low-oxygen range. Fig 22 is equivalent to 
Fig 16 but with the addition that the 
partial pressure of hydrogen is included in 
the equation, permitting the various 
curves to be calculated. It shows the 
combined partial pressures of H.O + Hy, 
in equilibrium with molten copper super- 
heated to 1250°C and containing hydrogen 
and oxygen as plotted. 

In Fig 23 are plotted the curves that 
outline the field of gas evolution for all 
possible hydrogen and oxygen contents. 
The upper curve shows the combined 
partial pressures of H. and HO at one 
atmosphere pressure in equilibrium with 
liquid copper at the melting point. The 
lower curve shows the initial metal com- 
positions that will permit the concentration 
of the last drop of metal to freeze to just 
reach the upper composition curve. Tie 
lines between the two curves are given 
showing the path of composition change 
in the liquid metal as freezing progresses. 
The dotted curve shows the maximum 
amount of hydrogen that can remain in 
solid solution in equilibrium with the 
upper composition curve. Thus liquid 
copper containing o.coo1 pct oxygen and 
4.6 X 107-* pct hydrogen will concentrate 
along the line with the arrows shown in 
Fig 23 as freezing progresses, until the 
last drop,of liquid to freeze will have the 
composition 0.00385 pct oxygen and 
13 X 10~* pct hydrogen. 

With the aid of Figs 22 and 23, we can 
anticipate the effects of various conditions 
of melting and deoxidation upon the 
composition of the metal and the tendency 
for gas separation from the metal as 
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freezing progresses. For example, assume 
copper melted and heated in an oxidizing 
atmosphere to 1250°C and “poled” to 
0.015 pct oxygen. The hydrogen content 


alt 


prevent gas separation from this metal 
during freezing the oxygen content must 
be lowered to 0.000085 pct. If, however, 
the metal is deoxidized with a residual 


CutHO=Cu,0+H, 
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' Fic 22—EQUILIBRIUM OF WATER AND HYDROGEN WITH MOLTEN COPPER AT 1250°C. 


should not be more than 5 X 10~* pct. 
As freezing takes place the composition 
of the solid will approach 1.8 X 107° pct 
hydrogen and 0.00075 pct oxygen, and 
the liquid will contain 5.2 X 1o-® pct 
hydrogen and 0.026 pct oxygen when 
H,0 + Hy gas will be evolved, and the 
composition of liquid will increase in 
oxygen and decrease in hydrogen along 
the upper curve of Fig 23 toward the 
eutectic point. The composition of the 
solidified metal will change correspondingly 
along the lower curve. About 15 pct gas 
by volume will be evolved. In order to 


/250°C 
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deoxidizer, such as phosphorus, that will 
prevent the oxygen from concentrating 
in the liquid as freezing takes place, 
the degree of deoxidation necessary to 
avoid gas separation will be much less. 
In the case just given, with 5 X 107~* pct 


hydrogen, if the oxygen is buffered at 


less than 0.0032 pct oxygen no gas will be 
evolved. Since 0.02 pct phosphorus will 
buffer the oxygen at 0.002 pet, it is obvious 
that a phosphorus content of somewhat 
less than 0.02 pct will just prevent the 
separation of gases during solidification. 

If the melting technique is changed 


Re . 
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(as by melting in an electric furnace or 
by sweeping the molten metal with a 
hydrogen-free gas) to produce a melt 
with 0.015 pct oxygen and with an H,O 


data on the solid solubility of hydrogen 
in copper-tin alloys but it seems logical 
to conclude that there is a decrease at 
least in proportion to the decrease in the 
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Cu (£) + HeO(#)== Cur Olin £Cu)+He (9) 
at 1083C (m p.Cu) 


(). Br + Paeo~ CH] x/0'°(0.26+1080£01) 
2 7 ug 

(LH) - 345 oor 

OOH 8 (Ee Bstca) 


EUTECTIC COMPOSITION 


.0000 


e equilibrium pressure of around 30 mm, 
- the hydrogen content will be 3 X 107* pct 
= at 1250°C. Deoxidation to 0.00025 pct 
- oxygen will be necessary without a residual 
- deoxidizer if gas evolution is to be avoided 
but with a residual deoxidizer buffering 
the oxygen content below 0.0095 pct is 
~ all that is necessary. This can be accom- 
_ plished with a relatively small amount of 
residual phosphorus around 0.005 pct. 

- Consideration of the copper-tin-system 
_ leads to similar conclusions. Bever and 
_ Floe!! have shown that a copper alloy 
containing 1o pct tin can dissolve in the 
_ liquid state about 75 pct as much hydrogen 
Fas pure copper. There are no quantitative 
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liquid. Consequently, in the absence of 
better data, the assumption can be made 
that the mechanism of gas evolution in 
the copper-tin-phosphorus system is the 
same as for the copper-phosphorus system 
but the amounts of gas probably will be 
less. 


HYDROGEN IN COMPLETELY DEOXIDIZED 
SYSTEMS 


Copper-zinc alloys undoubtedly have 
an extremely low tolerance for oxygen; 
for example, Baker and Child? found that 
as little as 2.5 pct zinc added to a to pct 
tin bronze lowered the oxygen content to 
around 0.002 pct. It seems probable that 
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“high brass” containing more than 30 pct 
zinc can have only a negligible solubility 
for oxygen even at temperatures well 
above the melting point, and _ conse- 
quently gas troubles, if any, can arise 
only from the separation of hydrogen with 
practically no steam. 

It has been shown in connection with 
copper (Fig 3) that a high partial pressure 
of hydrogen in the furnace atmosphere is 
necessary if the liquid metal is to contain 
enough hydrogen for this gas to separate 
during freezing. The lower melting point 
of “high” brass undoubtedly decreases 
the solubility of hydrogen in both the 
liquid and the solid metal, but it is highly 
improbable that this decrease is sufficient 
to explain the almost complete freedom 
from gas troubles in common high brass, 
unless we make the equally improbable 
assumption that the solid solubility de- 
crease is much less than that of the liquid 
solubility. It is much more probable that 
the very high vapor pressure of zinc as the 
metal is overheated “boils” the gas content 
down to a very low value, just as would 
flushing with an inert gas. 

With other copper alloy systems that 
have a low tolerance for oxygen, attention 
must be given to the atmosphere sur- 
rounding the melt if freedom from hydro- 
gen gas separation is to be obtained during 
solidification. High mioisture contents in 
the furnace atmosphere must be avoided 
even if this results in loss of fuel efficiency. 


CARBON IN DEoOx1IDIzZED SYSTEMS 


While systems with extremely low 
tolerance for oxygen may have no gas 
trouble as a result of water vapor, the 
very fact that they have a low tolerance 
for oxygen makes it possible for such 
systems to encounter trouble from the 
formation of carbon monoxide. In all 
probability, at normal superheating tem- 
peratures copper alloys must be extremely 
low in oxygen to dissolve carbon even 
to the minute extent of o.ooo1 pct demon- 


strated by Bever and Floe.® If a metal 
containing this amount of carbon could 
pick up during casting the equivalent 
amount of oxygen, 7 pct gas would be 
generated. While theoretically this gas 
would be generated in the liquid without 
any cooling action, it is probable that a 
reaction involving both constituents at 
this extreme dilution would take some 
time to go to completion, hence the 
separation of gas might take place so 
slowly in the liquid state that sufficient 
residual carbon and oxygen would be 
left to react during the freezing stage to 
cause the formation of gas _ bubbles. 
Certainly the evidence is very strong 
that copper-base alloys, melted under 
extreme conditions of deoxidation and 
cast under oxidizing conditions, suffer 
from a form of gas trouble that does not 
seem to be related to sources of hydrogen 
during the melting and casting of the 
metal. 


SULPHUR IN DEOXIDIZED SYSTEMS 


While sulphur is a common impurity 
in many copper alloy systems, it can 
cause gas trouble only where the oxygen 
in the metal can concentrate to 0.1 pct 
or more during the freezing operation 
(Fig 8). Therefore, alloys of copper with 
tin, zinc, iron, aluminum, silicon, beryllium, 
and the like cannot have gas cavities 
caused by SO: unless the SO2 equilibrium 
for the alloy is very different from that 
for copper. Alloys of copper with silver, 
gold and other more noble metals and 
possibly nickel, conceivably can have 
systems whereby SOz2 separates during 
solidification. 


OTHER ALLOY SYSTEMS - 


The silver-hydrogen-oxygen system 


should be even more interesting than the — 


copper-hydrogen-oxygen system, for while 
molten silver can dissolve both hydrogen 
and oxygen, just as does copper, free 
silver oxide dissociates at temperatures 


~ 
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above 300° to 350°C. Hence, silver on 
freezing can evolve hydrogen, water, or 
oxygen, depending upon the initial con- 
centration of hydrogen and oxygen and 
the equilibrium constants. Unfortunately, 
while the solubilities of hydrogen and 
oxygen are known, probably with a suffi- 
cient degree of accuracy, no quantitative 
estimates of either gas values or relative 
rates can be made without the silver-steam 
equilibrium data. It is interesting to 
note that high “fineness” silver (99.99 pct 
Ag) is much more difficult to cast sound 
than regular fineness silver (99.92 pct Ag), 
which contains approximately 0.08 pct Cu. 
It is probable that copper is a deoxidizer 
‘for silver and has the same “buffering” 
action in silver that phosphorus has in 
copper. 

Silver forms regular alloys with sulphur, 
just as does copper. However, there are 
no satisfactory data on the solid solu- 
bility of sulphur in silver and no attempt 
has been made to work out the Ag-SOz 
equilibrium constants. Consequently, we 
can do little more than guess as to whether 
or not SOs is a source of gas trouble in 
casting silver. 

With regard to the possibility of oxides 
of carbon causing gas trouble in silver, 
while it has been demonstrated that 
carbon is soluble in liquid silver at high 
temperatures, only when the melting 


_ is done under conditions of extreme 
_ deoxidation can this element be a cause 


of gas trouble. 


TRON-HYDROGEN-OXYGEN 


In spite of the great amount of excellent 


- work done on the systems involving iron, 


the data permit us to make only a first 


P ‘approximation with regard to the quanti- 


ties of gas separating during cooling and 
freezing. The difficulties and complications 
involved in the system iron-carbon-hy- 
drogen-oxygen are so great as to make it 
presumptuous of anyone who does not 
specialize in the subject to attempt 
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such calculations as are here presented. 
However, since a review of the literature 
has failed to reveal any attempt to cal- 
culate gas separation along the lines that 
were suggested by the data on copper, 
an effort will be made to indicate the 
general line of attack with the hope that 
those better qualified to handle this 
most important subject will pursue the 
matter further. 

Fontana and Chipman!? investigated 
the reaction 


Fe ao H,O ae FeO 4 Hy, 
and determined that at 1600°C the constant 


P20) 
ees ate 
Palo] 29° 


Sievert’s!3 data indicate that at 1600°C 


[H] : 
Pa) = (= Xx =) 


From these data the vapor-pressure Curves 
for the iron-hydrogen-oxygen system can 
be constructed, assuming that the presence 
of oxygen in the iron does not modify the 
solubility of hydrogen seriously. Fig 24 
shows curves for equilibrium composition 
at 1600°C for the combined partial pres- 
sures of hydrogen and H,O at one at- 
mosphere and at 130 mm (the maximum 
combined hydrogen and HO partial 
pressure in combustion gases). Unfor- 
tunately, the data for computing these 
partial pressures at the melting point are 
not available, but it is reasonable to 
predict that the curves will lie just under 
those given in the figure. 

Sievert’s!4 data also indicate that the 
solid solubility of hydrogen at the melting 
point of iron is over 50 pct of the liquid 
solubility. From a review of the literature 
(see Herty®) it seems probable that the 
solid solubility of oxygen at the melting 
point of iron is in excess of 50 pet of the 
liquid solubility in equilibrium with the 
solid. Upon this rather insecure basis it 
can be estimated that iron containing 
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0.04 pct oxygen should contain not more 
than 1.0 X 10-* pct hydrogen. During the 
freezing of this metal the oxygen can 
in the liquid to only 0.08 pct 


increase 


« 4/07 


TRON-CARBON-OXYGEN 
From the data of Marshall and Chip- 
man!6 Fig 25 has been constructed showing 
the equilibrium relationship between CO 


Fe) + 0g) = Fe Ofna Fe) + Ha) 
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Fic 24— EQUILIBRIUM OF WATER AND HYDROGEN WITH MOLTEN IRON AT 1600°C. 


and the hydrogen to 1.84 X 10-* pet. 
From Fig 24 it is apparent that the com- 
bined hydrogen and H,O partial pressures 
at this composition would be about 24 of 
an atmosphere at 1600°C and is probably 
less than one atmosphere at the melting 
point. If these very rough estimations 
are correct, it is evident that the separation 
of H,O and hydrogen in a hypothetical 
iron system free from other gas-forming 
elements, will not cause gas bubbles. 
However, the combined partial pressures 
of these two gases can be dangerously close 
to one atmosphere and a relatively low 
partial pressure of other gases may be 
enough to bring about the separation of 
major amounts of hydrogen and H,O 
gases. 


and CO; in the gas phase at one atmosphere 
and liquid iron at 1540°C. The literature 
(see Archer!?) indicates that 0.08 pct 
carbon is in solution in solid iron in 
equilibrium with 0.55 pct carbon in liquid 
iron at 1492°C. Assuming that this ratio 
holds, from Fig 25 we compute that iron 
containing 0.04 pct oxygen and 0.048 pct 
carbon will have a gas mixture of CO 
and CQO: separate practically from the 
start of freezing. If the oxygen is lowered 


to, say, 0.01 pct without a residual de 


oxidizer gas should not separate until 
more than 70 pct of the metal has solidified 
and the carbon has concentrated to 
0.123 pct and the oxygen to 0.0158 pct. 
If a residual deoxidizer is present buffering 
the oxygen content at o.or pct, no gas 
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should separate until the metal is 91.5 pct 
solid and the carbon content of the liquid 
increased to 0.22 pct. If, in addition, 
there are elements present that form 


PHILLIPS 45 


exerts only a small effect in lowering the 
partial pressure of H.O and hydrogen. 
Thus in a melt of iron containing 0.048 pct 
carbon, o.oo1 pct hydrogen and deoxidized 


é Fe, ClinFe) +60, = 3F2(1)+2COlg) 
Fe/l) +€0,4) = Fe Ofn Fe)+COGg) 
Fe(l)+COfg) = FeOfin Fe) +Fe,C(in Fe) 
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Fic 25—EQUILIBRIUM OF CARBON MONOXIDE AND CARBON DIOXIDE WITH MOLTEN IRON AT I 540°C 


solid carbides separating below 0.22 pct 
carbon (in other words, elements that 


buffer the carbon below 0.22 pct), no 


gas due to CO and CO; alone will separate. 

In view of the many elements normally 
present in iron systems that can buffer 
at least the oxygen if not the carbon con- 
tent, and considering the lack of reliable 
equilibrium data on the combination of 
oxygen with these elements, it is evident 


that any computation of gas volumes 


separating is quite without significance. 


TRON-CARBON-HYDROGEN-OXYGEN 


Referring back to Fig 24, it is evident 


that deoxidation in the Fe-H-O system 


and buffered to o.or pct oxygen upon 
freezing, in all probability gas bubbles 
form when about 75 pct solidified and the 
composition of the gas should be pre- 
dominately CO and hydrogen with small 
amounts of H,O and COsz. 


CONCLUSIONS 


It is believed that any well-defined 
gas-metal reaction can be explained, if 
sufficient data are available, on the basis 
of simple equilibrium chemistry and the 
phase rule. For high-temperature systems 
it is believed that equilibrium conditions 
are very Closely approached in practice and 
that concepts involving metastability, su- 
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persaturation and colloidal dispersions and 
the like, need not be evoked to explain most 
of the allegedly paradoxical gas phenomena. 

However, before these contentions can 
be proved a great deal of exact gas-metal 
equilibrium data along the lines pursued 
by Chipman and his associates are needed. 
Likewise the oxygen equilibrium data 
for practically all alloying elements at 
the melting point of the host metal or 
alloy are essential. These needs are realized 
and excellent data are now being published 
by many laboratories. However, the 
need for exact solidus determinations in 
the gas-metal systems has not been 
realized and little is being done to remedy 
this deficiency. It is hoped that a demon- 
stration of the potential usefulness of 
these fundamental data will stimulate 
workers to develop techniques to obtain 
new and more accurate data. 
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Electrons, Atoms, Metals and Alloys 


By Witt1AM Hume-RotHery* 
(Institute of Metals Division Lecturet) 


I need not say how much I appreciate 
the honor of being asked to lecture to you, 
and how much I would thank you for your 
kind invitation. It is encouraging to feel 
that the abnormal restrictions of the war 
have been relaxed sufficiently to allow a 
free exchange of scientists between our two 

- countries, and I hope that some of you will 
be persuaded to go to England, and to 
visit us at Oxford, so that I may repay a 
little of the kindness I have received from 
you. 
As this is one of the first lectures since the 
- end of the war, I have thought it well to 
describe some of the advances in the theory 
of alloys which were made in the years 
between the two World Wars. From the 
point of view of theoretical science, these 
years have been of outstanding interest in 
the history of metallurgy. They have been 
years in which the development of new 
and more accurate experimental methods 
has led to the revelation of many new 
facts. At the same time, the theoretical 
developments have enabled some of these 
facts to be viewed as parts of a general 
scheme, and we may say that some of the 
_ foundations of metallurgical science have 
been laid. This work was naturally stopped 
by the Second World War, and it can there- 
fore be reviewed as one definite stage in the 
~ development of our Science. 
- To illustrate the new advances, I shall 
deal mainly with the alloys of copper and 
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silver, since these have revealed many of 
the general principles. ; 


SOLID SOLUTION 


At the beginning of our period, the first 
steps in X-ray crystal analysis had been 
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Fic 1—FACE-CENTERED CUBE. 
Courtesy Institute of Metals.+* 


taken, and copper had been found to 
crystallize in the face-centered cubic 
structure (Fig 1). The determination of 
this structure naturally was of immense 
importance in the understanding of our 
subject, because it meant that we were at 
last in a position to appreciate the under- 
lying structure out of which the crystal of 
copper was built. 

The earlier science of metallography had 
shown that in many alloys of copper the 
addition of a second metal-in not too large 
proportions resulted in the formation of a 
homogeneous alloy which was regarded as a 
solid solution of the one metal in copper. 
Fig 2, for example, shows the so-called 
equilibrium diagram of the copper-zinc 
alloys, and here you will see that there is a 
solid solution of zinc in copper extending to 
something of the order 35 to 40 at. pct zinc. 


* References are at the end of the paper. 
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At the beginning of our period it had 
been guessed that solid solutions of this 
kind were based on the crystal structure of 
the parent metal, but the nature of the solid 


of homogeneous beta alloys is encountered. 


You will then see from the diagram that at y 


higher percentages of zinc there are further 
phases denoted gamma and epsilon, and 
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solution was unknown. The equilibrium 
diagram shows that on increasing the zinc 
content, the limit of the alpha phase is 
reached, and two phase alloys are met with, 
the second phase being denoted as beta. 
This phase is of variable composition, and 
lies in the equiatomic region, so that we 
may denote the composition by the formula 
CuZn, although this does not imply that 
any definite molecular species exists. With 
increasing zinc content the proportion of 
the beta phase increases until the region 
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Fic 2—CopPER-ZINC DIAGRAM. 
Courtesy Institute of Metals? 
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finally a very narrow solid solution of 
copper in zinc. 


In the system copper-zinc all the inter- — 


mediate phases are of variable composition, 
but in other systems this is not always so, 
and phases of fixed or almost fixed compo- 
sition are often encountered. In general 
the compositions of these intermetallic 
phases do not follow the normal valency, 
principles, and 25 years ago there was little 
understanding of the fundamental princi- 
ples underlying the copper-zinc diagram, 
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NATURE OF PRIMARY SOLID SOLUTION 


The first problem was clearly the nature 
of the primary solid solution, and here the 
X-ray work confirmed that the crystal 
structure was the same as that of the par- 
ent metal, although the size of the unit cell 
was in general altered by the formation of 
the solid solution. Two kinds of-solid solu- 
tion were to be expected: On the one hand 
the atoms of the solute might enter the 
interstices or holes between the solvent 
atoms, with the production of the so-called 
interstitial solid solution. Alternatively the 
atoms of the solute might replace those of 
the solvent, so that the two kinds of atom 
occupied a common lattice, giving rise to a 
substitutional solid solution. 

These two alternatives can be distin- 
guished by measuring the lattice spacings 
and densities of the alloys; the first work of 
this kind was done by Owen and Preston in 
1923. As might be expected, the interstitial 
type of solid solution is formed only when 


one atom is very much smaller than the 
other; the outstanding example of this is 


the solid solution of carbon in gamma iron 
‘or austenite. The solid solution of zinc 
in copper is of the substitutional type, with 
the two kinds of atoms arranged more or 


_ less at random on a common lattice. 


I have deliberately used the expression 
“more or less at random” because I do 


i not think the arrangement is completely 


random. There is undoubtedly no long- 


_ range ordered structure extending over 
distances large compared with the unit cell. 


On the other hand, a number of facts sug- 
gest that the structure is not completely 
random, but that some kind of short-range 


_ order exists, in the sense that atoms of one 


kind tend to keep apart from one another 


to an extent greater than that which would 


result from a purely random arrangement. 


~ You will understand that even in a dilute 


solid solution, a random arrangement 


would result in there being some places 


where two solute atoms were next door 


neighbors, but this would produce a 
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relatively large local straining of the lattice, 
and I think that there is a general tendency 
for it to be avoided. We may therefore 
regard the alpha solid solution as possessing 


Fic 3—UNIT CELL OF BODY-CENTERED CUBIC 
[STRUCTURE. 
Courtesy Institute of Metals. 


the face-centered cubic structure with some 
kind of short-range order. 

The X-ray work then showed that above 
460°C the beta-phase in the system copper- 
zinc has a body-centered cubic structure 
(Fig 3) with the two kinds of atom arranged 
more or less at random, although again 
there is probably some kind of short-range 
order. On slow cooling, the alloys undergo 
a transformation in the region of 460°C, 
and the two kinds of atoms rearrange 
themselves so that, although the structure 
as a whole remains body-centered cubic, 
the one kind of atom occupies the corners 
of the unit cells, and the others the centers, 
as shown in Fig 4. This kind of transforma- 


Fic 4—SUPERLATTICE FORMATION. 
Courtesy Institute of Metals.* 


tion is called a superlattice transforma- 
tion, and the atomic rearrangement has 
been revealed by direct experiment in 
spite of the fact that copper and zinc 
occupy adjacent places in the Periodic 
Table. The formation of this superlattice 
may be regarded as a process whereby the 
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strain that would result from a purely ran- 
dom arrangement can be reduced by an 
ordered structure in which like atoms are 
not closest neighbors. The perfect structure 
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a b 
Fic 5—CRYSTAL STRUCTURE OF ZINC. 
Courtesy Institute of Metals.* 
a. Axial ratio 1.856. 
b. Axial ratio 1.633. 


of Fig 4 can of course be formed only by 
the equiatomic alloy,—in alloys of other 
compositions the order can never be so 
perfect, although the same general tend- 
ency is observed. 

The rapid advances in X-ray crystal 
analysis showed that the gamma phase had 
a characteristic structure with which we 
shall deal later. The epsilon phase had a 
normal close-packed hexagonal structure 
(Fig 5b), while the eta solid solution of 
copper in zinc had the same close-packed, 
hexagonal structure as the latter element 
(Fig 5a). In this structure the axial ratio is 
approximately 1.9, so that the structure has 
been stretched out in the direction of the 
c-axis as compared with the normal close- 
packed hexagonal structure. 


CHARACTERISTIC SYSTEMS 


Systematic examination then showed 
that the copper-rich portions of several 
other alloy systems possessed the same 
general form as that of the system copper- 
zinc. One example is the system copper- 
aluminum (Fig 6). Here you will see the 
characteristic kind of diagram in which the 
solubility in the alpha phase increases as 
the temperature falls. You will note, 
further, that the beta phase is now in the 


METALS AND ALLOYS 


region of 25 at. pct of aluminum, so that 
we might represent its composition as 
being in the neighborhood of Cus;Al, al- 
though again there is not necessarily a 
compound molecule of this composition. 
Another example is the system copper- 
tin (Fig 7), and here the beta phase has a 
composition somewhere near to CusSn. 
You will see, therefore, that increasing 
valency of the solute results in the beta 
phase occurring at a lower atomic percent- 
age of the solute element. The first step in 
the understanding of these alloys was the 
discovery (1926) that the compositions of 
the beta phases corresponded with roughly 
the same ratio of valency electrons to 
atoms. This ratio is now called the electron 
concentration, and for the beta phases, the 
characteristic concentration is 1.5 This 
can be seen from the following formulas: 


| copper atom = 1 valency electron 
lzinc atom =2 » ” 

Total of 2 atoms and 3 valency electrons 
Electron concentration = 3 =15 


Cu Zn 


3 copper atoms = 3 valency electrons 
1aluminium atom = 3 ” ” 


Cu3 AL 


Total of 4 atoms and 6 valency electrons 
Electron concentration =$ = 15 


Scopper atoms = 5 valency electrons 


Cus Sn 
1 tin atom =4 » ” 


Total of 6 atoms and 9 valency electrons 
Eizctron concentration =% => 


It must again be emphasized that there is 


not necessarily any definite molecular - 


species corresponding to these formulas. 
This discovery was made at a time when 
only a few of the alloys had been examined 
by X-ray diffraction methods, but later 
work by Westgren and others showed that 
the underlying idea was correct, and that 
in a large number of alloys of copper and 
silver with B-Sub Group Elements, phases 
of similar structure tended to occur at 
roughly the same electron concentration. 
The three main groups discovered were: 
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ELECTRON CHARACTERISTIC TYPE OF CRYSTAL 
CONCENTRATION TRUCTURE 
3/2 Body-centered cubic 
Beta manganese structure 
Close-packed hexagonal structure 
21/13 Gamma brass structure 
q/4 Close-packed hexagonal structure 


You will see that the electron concentra- 
tion of 3:2 corresponds with three different 
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types of structure, and the factors deter- 
mining which of these types was adopted 
were not discovered until later. 

- The ratio 21:13 for the gamma brass 
structure is very remarkable. Referring 
again to Fig 2, you will see that the gamma 
phase has a higher percentage of zinc, and 
| hence a higher electron concentration than 
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‘Frc 6—CopPER-ALUMINUM DIAGRAM. 
Courtesy Institute of Metals.? 
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the beta phase. In this system the composi- 
tion corresponding with CusZng lies just 
within the gamma-phase region, and the 
X-ray crystal-structure work led to the 
determination of the structure of CusZng, 
and of the corresponding phases in the 
systems copper-aluminum and copper-tin, 


ATOMIC PER CENT 
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the compositions of which corresponded 
with the formulas CugAl, and CusiSns. As 
you will see from the following table, these . 
all correspond with a valency electron: atom 
ratio of 21:13, and, further, alloys with 
transitional elements fit in with this scheme 
if the transition element is allotted a zero 
valency; e.g., FesZnz1. 


§2 


Cus Zng 


Cug Al, 


Cu3, Sng 


Fes Zn>, 
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5 copper atoms = 5 valency electrons 
8 zinc atoms 16a z 
Total of 13 atoms and 21 valency electrons 
Electron concentration = eo 


9 copper atoms = 9 valency electrons 
4 aluminium atoms=12 » ” 
Total of 13 atoms and 21 valency electrons 
Electron concentration = a 


31 copper atoms = 31 valency electrons 
8 tin atoms = "37 ” 
Total of 39 atoms and 63 valency electrons 
Electron concentration = $3 =73 


S iron atoms = @ valency electrons 


21zinc atoms = 42 » ” 


It was also shown, by A. J. Bradley, that 
in ternary copper-zinc-aluminum alloys, 
homogeneous alloys with the gamma struc- 
ture were obtained provided that the 
characteristic electron concentration of 
21:13 was maintained. In other words, it 
seemed that in this system the nature ofthe 
atoms was unimportant, and that one could 
jumble them together and obtain an alloy 
with the gamma structure, provided that 
one mixed them so that there was an elec- 
tron concentration of 21:13. All this work 
naturally led to the conclusion that one 
class of intermetallic phase depended 
essentially on the existence of a character- 
istic ratio of valency electrons to atoms. 
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Fic 7—CoppER-TIN DIAGRAM. 
Courtesy Institute of Metals.2 
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S1zE FACTOR 


The question then arose as to why this 
type of diagram was found in some cases 
- only, and in particular why primary solid 
_ solutions were often very restricted. It 
seemed probable that substitutional solid 
solutions would be formed only if the two 
kinds of atom were more or less equal in 
size. From the modern viewpoint, it is very 
difficult to give a definite size to an atom, 
but it was found that some generalization 
could be made if it were assumed that the 
atomic diameter of an element was taken to 
be equal to the closest distance of approach 
of two atoms in the crystal of the element. 
~ Using this definition, it was found (1934) 
that if the atomic diameter differed by 
more than about 15 pct, substitutional 
solid solutions were usually very restricted; 
in such cases it was said that the “‘size 
factor’”’ was unfavorable. 

It is important to realize that arguments 
based on the concept of “size factor” are 
always of a negative nature. If the size 
factor is unfavorable, we can say that the 
_ solid solution will probably be very re- 
stricted; if the size factor is favorable, we 

cannot conclude that a wide solid solution 

will be formed—we can only say that a wide 
solid solution may be formed if other 
_ factors are favorable. Examination of the 
_ data then showed that the typical alpha- 
beta type of diagram was usually found 
- only when the size factors were favorable, 
and in such cases the a/a + £ phase bound- 
aries were roughly superimposed if the com- 
positions were expressed in terms of 
electron concentration. This is shown in Fig 
8, where you will see that a number of the 
phase boundaries are in the same region. 
TI have included this figure for historical 
interest; it shows the phase boundaries. as 
they were known in 1934, but later work 
has shown that the a/a + 6 boundary for 
the system copper-silicon does not really 
extend so far to the right, and there have 
been slight alterations to some of the other 
curves. The general tendency for the 


a/a-+ 8 boundaries to lie near together 
when the size factors are favorable is very 
clear. The boundary for the system copper- 
tin is clearly displaced to the left, and later 
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Fic 8—SoLID SOLUBILITY CURVES PLOTTED 
AGAINST ELECTRON CONCENTRATION FOR ALLOYS 
IN WHICH SOLUBILITY DIMINISHES WITH RISING 
TEMPERATURE. 

Courtesy Royal Society.* 


work has shown that the corresponding 
a/a-+ 8 boundary in the system copper- 
indium is also displaced to the left. The 
two systems copper-indium and copper-tin 
are those in which the size factors are on 
the borderline of the favorable zone. 

All this work led clearly to the conclusion 
that in this class of alloy we were dealing 
with an equilibrium which, if the size 
factors were favorable, depended essential- 
ly on the electron concentration, and that 
this simple. principle broke down if the 
sizes of the atoms were too different. The 
suggestion was clearly that the a/a+6 
solid solubility curves followed a valency 
principle, and examination then showed 
that the solidus and liquidus curves of 
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this class of alloy follow simple valency 
sequences when the size factors are favora- 
ble. This is shown in Figs 9 and 10, where 
you will see clearly that the solidus and 
liquidus curves fall more steeply as the 
valency of the solute increases. It is of 
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Fic 9—LIQUIDUS CURVES. 
Courtesy Institute of Metals. 
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METALS AND ALLOYS 


interest to note that these general principles 
were laid down from the direct study of the 
experimental data. It was at this stage that 
the work was taken up by the mathematical 
physicists, and we have now to consider 
their theoretical interpretations. 


ATOMIC PERCENT SOLUTE 
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Fic 10—SOLIDUS AND SOLID SOLUBILITY CURVES. 
Courtesy Institute of Metals. 
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ENERGY OF ELECTRONS 
From the modern standpoint we are to 
regard an atom as consisting of a minute 
positively charged nucleus surrounded by 


V/R 


. INTER-ATOMIC DISTANCE 
— IN CRYSTAL OF COPPER 


Fic 11—BROADENING OF 45 ENERGY LEVEL OF 
VALENCY ELECTRONS. 

_a cloud of negative electricity resulting 
_ from the motion of the electrons. As the 
- atoms approach one another and assemble 
to form a metallic crystal, the inner elec- 
trons are practically unaffected because 
they are under the predominant influence 
of the one nucleus. ‘The condition of the 
valency electrons is profoundly altered, 
however, and it is this alteration which 
' produces the binding forces characteristic 
of a metallic crystal. 

_ In the case of copper it is reasonable to 
regard the solid as consisting of an assembly 
= of ions held together by the valency elec- 
_. trons which move freely through the struc- 
ture, and pull the ions together until their 
electron clouds overlap, and give rise to re- 
_ pulsive forces. In such a case, it can be 
‘shown both experimentally by soft X-ray 
spectroscopy, and theoretically, that the 
general effect is for the single sharp 45 
~ energy level of the valency electrons to be 
broadened into a range or band as shown 
in Fig 11. At the absolute zero of temper- 
ature, the valency electrons of copper are 
not at rest in the solid, but have energies 
distributed over the lower half of the band 
Pin Fig 11. This is the first great difference 
between the old and the new theories of 


} electrons. 


In the old theories the electrons were 
regarded as having an energy proportional 
to the absolute temperature, and therefore 
were at rest at the absolute zero. In the 
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(6) 
Fic 12—ELECTRON STATES. 
Courtesy Institute of Metals.4 
new theories Pauli’s principle prevents 
more than two electrons from occupying a 
given energy state, and an assembly of NV 
electrons at the absolute zero occupies the 
N/2 lowest energy states. It is clear that 
the energy of the valency electrons as a 
whole will depend on how the electron 
states are distributed over the range of 
energy concerned, and this is shown by 
means of what is called an NV (£) curve. For 
this purpose we define the quantity N(£) 
so that N(E)dE is the number of energy 
states per unit volume in the range E and 
E + dE, and it is customary to plot N(£) 
against E, and to shade the area of the 
states occupied at the absolute zero. A 
curve such as that of Fig 12@ would imply 
that the number of electron states in unit 
energy range increased continually with 
the energy, and that at the absolute zero 
the occupied states extended over the 
range a to b. In the curve of Fig 12) there 
are energy states over the range a to 6, and 
from c onward, but no energy states in the 
range bc. The shaded area would indicate 
that at the absolute zero, the electron 
states were occupied up to the limit md. 
Since the curve rises to a maximum at X, 
there are more electron states in this region 
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than elsewhere. Curves of this kind there- 
fore are only ways of showing how the elec- 
trons are distributed over the different 
ranges of energy. 


N(E) 


N(E) 
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Fic 13—RELATION BETWEEN N(E) cURVE AND 
NUMBER OF ELECTRONS. 
Courtesy Institute of Metals§ 

From the definition of an N(E£) curve it 
follows that the shaded area is proportional] 
to the number of electrons. A high N(£) 
curve means that a given number of elec- 
trons can be accommodated with a lower 
energy than with a low N(Z£) curve; this 
can readily be understood from Fig 13, 
where high and low V(£) curves have been 
drawn, and the shaded areas have been 
made equal, and it is clear that the energy 
of the electrons is less for the high N(E) 
curve. 

In the first model proposed by the mathe- 
matical physicists a metal was regarded as 
an empty box into which increasing num- 
bers of electrons could be introduced. It 
was assumed that the box was surrounded 
by high potential walls, which prevented 

the electrons from escaping, and that as 
increasing numbers of electrons were added 
an increasing amount of uniformly distrib- 
uted positive electricity was added, so that 
the whole remained electrically neutral. 
Under these conditions the. new theories 
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indicated that the N(E) curve was of the 
form shown in Fig 14, where N(£) varies 
as E”. Withan assembly of N electrons ina 
volume V, the electronic energies extend 
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Fic 14—N(E) cuRVE WHEN N(E) varies As E%. 
Courtesy Institute of Metals.* 


over the range from 0 to Epes in Fig 14, 


‘and the value of Emax is given by the 


relation 


(ger *)* 


where Emax is the energy of the highest 
occupied state at the absolute zero for an 
assembly of N electrons in volume V, / is 
Planck’s constant and m is the electronic 
mass. This very simple theory, therefore, 
satisfies the first requirement of the soft 
X-ray spectroscopy in that the electronic 
energies extend over a range that becomes 
larger as the volume decreases. For the 
alkali metals the calculated values of Emax 
are reasonable, and the theory is a fair 
approximation. For other metals this is 
not so, and it is of course clear that, as the 
theory ignores the structure of the solid, 
it cannot be used to study the effect of 
structure on equilibrium in alloys, and for 
this purpose a more complete theory is 
required. 


TS o 2 


APPLICATION OF WAVE MECHANICS 


The next development, due originally 
to Bloch, consisted in applying the prin- 
ciples of wave mechanics to the motion 
of electrons in a periodic field. This form of 
mechanics was developed first by de 


Broglie and Schrodinger from purely theo- — 


retical considerations, but its underlying 


assumptions received remarkable experi- 


/ 
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mental confirmation when in 1927 G. P. 
Thomson, in England, and Davisson and 
Germer, in America, showed that electrons 
could undergo diffraction effects as though 
they were associated with waves. A beam 


strong reflection takes place. The effect 
of this is that for electrons with wave 
numbers in a given direction certain ranges 
of energy are forbidden ranges, and these 
energies cannot exist in the crystal. 


Fic 15—DENSITY OF STATES IN BODY-CENTERED AND FACE-CENTERED CUBIC METALS. 
Courtesy Institute of Metals® 
Dashed line, free electrons. Solid line, face-centered cubic lattice. 
Dash and dot line, body-centered cubic lattice. 
Peaks A, B, C arise from planes (111), (200), (220), respectively. 
Peaks D, E, F, arise from planes (110), (200), (211), respectively. Thethigh energy, portions 


of the curves are speculative and incomplete. 


of electrons of velocity u behaved as though 
it were associated with waves of wave 
- length given by the relation 


r= h/mu 


where m is the mass of the electron and h 
is Planck’s constant. It is this discovery 
which underlies the determination of 
crystal structure by X-ray diffraction 
methods, and it is clear that these wavelike 
properties will affect the behavior of the 
electrons in the actual field of the crystal 
= lattice. 

In the free-electron or electron-box 
_ theory, an electron is assumed to move in 
"an empty space, and it can move in any 
direction with any velocity provided its 
_ energy is not so great that it escapes from 
- the metal. In a crystal the atoms are ar- 
ranged in a definite structure, and this 
gives rise to a series of atomic planes. In 
q general an electron moves through the 
é 
3 


_ structure freely, but the existence of planes 
E: of atoms means that if the wave length 
- lambda satisfies the Bragg equation 


n\ = 2d sin 0 


The difference between the behavior of 
electrons in an empty box’and in a crystal 
is that in the former the relation between 
energy and wave number is continuous 
while in the crystal, for each direction of 
the wave number, there are forbidden 
ranges of energy and hence discontinuities 
in the energy :wave-number relation. It can 
be shown that the effect of this is to give 
an N(E) curve with a series of peaks, the 
positions of which depend on the type of 
crystal structure. These curves can be 
calculated if the type of crystal structure 
is known, and Fig 15 shows the curves for 
the face-centered and body-centered cubic 
structures as calculated by Mott and Jones. 
Each peak on the curve corresponds with 
the point at which the Bragg equation is 
first satisfied for a given set of crystal 
planes, and you will see that the form of 
the curve clearly depends on the crystal 
structure concerned. 

In an alpha-beta brass equilibrium we 
know that the two phases have the face- 
centered cubic and body-centered cubic 
structures, respectively, and we have seen 
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how the equilibrium appears to depend on 
the electron concentrations, provided the 
size factor is favorable. This naturally sug- 
gested that the equilibrium was deter- 
mined by the valency electrons, and that 


0-35h 
> (b) 
uv 
S 0:30 
a 
5 
% 0-25 
(4 
wi (a) 
= 9:20 
uw 
z 
ro) 
< ols 
Vv 
w 
~ 
“0-10 
e 
Zz 
0-05 
(Pee shies be toma a 75226 way 


ENERGY (eV) 


Fic 16—NUMBER OF STATES PER UNIT ENERGY 
RANGE AS FUNCTION OF ENERGY (a) FOR FACE- 
CENTERED CUBIC AND (b) FOR BODY-CENTERED 
CUBIC STRUCTURE. 

Courtesy Physical Societys and Institute of 
Metals® 


the actual structure might be that which 
could accommodate the electrons with the 
minimum energy. The mathematical physi- 
cist—the work is due mainly to H. Jones— 
assumed therefore that in an alloy of, say, 
zinc with copper, the substitution of 
divalent zinc for univalent copper could be 
regarded as simply increasing the electron 
concentration: For pure copper (univalent) 
the electron concentration would be 1.0, 
and for an alloy containing 4o at. pct of 
zinc, it was assumed that the substitution 
of zinc for copper served merely to increase 
the electron concentration to 1.4, and that 
other effects could be ignored to a first 
approximation. We have, therefore, to con- 
sider the N(£) curves for the face-centered 
and body-centered cubic structures, and 
Fig 16 shows the two curves in greater 
detail at the low energy end of Fig rs. 
For the lowest energies the two curves are 
almost identical, and this applies up to an 
electron concentration of 1.0; i.e., the con- 
dition of affairs in pure copper. Later there 
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is a region where the curve for the face- 
centered cubic phase is falling rapidly 
while that for the body-centered cubic 
phase is continuing to rise. 

We have seen that the general tendency 
is for a high N(E) curve to accommodate 
the electrons with a lower energy; conse- 
quently, so far as the electronic energy is 
concerned, we shall expect the body- 
centered cubic structure to be favored 
when the electron concentration increases 
beyond the first peak of the N(£) curve 
for the face-centered cubic structure in 
Fig 16. A very simple calculation shows 
that the peak on the curve for the face- 
centered cubic structure occurs at an elec- 
tron concentration of about 1.36 (i.e., 36 
at. pct of zinc in the copper-zinc alloys), 
while that on the curve for the body- 
centered cubic structure is at an electron 
concentration of approximately 1.48. We 
therefore expect the solubility limit of the 
face-centered cubic structure to be some- 
where in the region 36 to 40 at. pct of zinc, 
in agreement with the facts. This agree- 
ment is very striking, and by making some 
additional assumptions regarding the spe- 
cific heats of the two phases H., Jones (1937) 
was able to calculate the phase boundaries 
on the assumption that these were deter- 
mined by electron concentration alone. The 
results are shown in Fig 17, and represent 
one of the great triumphs of the electron 
theory. ; 


Lattice DIsTORTION 


You will see, therefore, that the electron 
theory has been remarkably successful in 
interpreting the alpha-beta brass equilib- 
rium in the cases where the size factors are 
favorable, and the electron concentration 
is the predominant factor. It has not yet 
succeeded in dealing with the effect of 
lattice distortion, but here experimental 
work has revealed some of the underlying 
principles. If we refer back again to Fig 2, 


you will see that in the alpha-beta brass- 


equilibrium we have at any one temper- 
ature alpha and beta phases of definite 
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compositions in equilibrium with one an- 
other. From the diagram we can read off 
the atomic percentages, and hence the 
electron concentrations of the two phases 
which are in equilibrium. 


Trivalent elements 


Temperature (°C.) 


@ phase 


10 


20 


59 


the difference between the electron concen- 
trations of the two phases in equilibrium. 

The interesting point then emerged that 
the lines joining the points for the alpha 
and beta phases of any one system were all 


30 40 50 


Percentage of solute atoms 


Fic 17—PHASE DIAGRAM SHOWING ALPHA-BETA BOUNDARIES. 
Courtesy Physical Society. 
Solid line, theoretical curve for copper. 
Dashed line, observed lines for aluminum in copper. 
Dash-dot line, observed lines for zinc in copper. 


By means of a high-temperature X-ray 
camera, one can measure the lattice spac- 


_ ings of the two phases, and so deduce the 
_ lattice distortion. This procedure can then 


be repeated for the different systems in 
which this kind of equilibrium is found, 


and by working in this way at a standard 


temperature of 671°C we at Oxford were 
able to see how lattice distortion affected 
the simple electron concentration principle. 


Some of the results obtained are shown in 


Fig 18, in which the horizontal axis repre- 
sents the electron concentrations and the 


vertical axis shows the lattice distortion in 
- the form of the volume per valency electron; 
it will be appreciated that the greater the 


lattice expansion for a given electron con- 


- centration, the greater is the volume per va- 
_ lency electron. The figure shows at once that 
the greater the lattice expansion, the greater 


parallel, and were such that their mid- 
points (except for Cu-Al) lay on the straight 
line AB, which is not vertical but slopes 
upward to the left. In other words, in 
these systems the effect of increasing 
lattice expansion is to widen the gap be- 
tween the electron concentrations of the 
two phases in equilibrium, although this 
widening is not symmetrical but is such 
that the general equilibrium is shifted to 
lower electron concentrations. This, there- 
fore, is the general effect of lattice expan- 
sion upon the alpha-beta brass equilibrium, 
and a theoretical explanation is not yet 
available. 


ELECTROCHEMICAL FACTOR 
You will notice that in Fig 18 the mid- 
point of the line for the system Cu-Al does 
not agree with the foregoing generalization, 
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and this is perhaps the result of the fact 
that aluminum is very electropositive com- 
pared with the remaining solutes, so that 
what may be called the electrochemical 
factor is more pronounced. The data sug- 
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Fic 18—ELECTRON CONCENTRATIONS VS. LAT- 
TICE DISTORTION. 
Courtesy Royal Society.’ 


gest that in many cases increasing electro- 
chemical factor disturbs what may be 
called the simple electron concentration 
effects. A striking illustration of this is 
shown in the systems silver-magnesium 
(Fig 19) and gold-magnesium where the 
electrochemical factor is very high and the 
beta phases, although still in the region of 
_ the equiatomic composition, develop or- 
dered structures and rise to maximum 
freezing points at the compositions AgMg 
and AuMg. From these alloys there is a 
natural transition to intermetallic com- 
pounds such as Mg2Sn or MgSe, where the 
two elements differ markedly in electro- 
chemical characteristics, and the formula 
corresponds with the normal valencies. 
Examination has shown that in alloy 
systems where one metal is very electro- 
positive compared with the other (e.g., 
system such as Mg-Sb) there is a general 
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tendency for stable intermetallic com- 
pounds to be formed at the expense of the 
primary solid solutions, and even where the 
size factors are favorable the primary solid 
solutions tend to be very restricted. 
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Fic 19 —EQUILIBRIUM DIAGRAM OF SYSTEM SIL- 
VER-MAGNESIUM. 
Courtesy Institute of Metals.4 

The diagram is known accurately in the 
ranges 0-40 and 80-100 at.-pct of magnesium. 
In the range 40-80 at.-pct of magnesium the 
general form of the diagram is established con- 
clusively, but the phase boundaries are not so 
accurate, 


EFFECTS OF Vartous Factors 


The general conclusion therefore is that 
the electron concentration represents one 
factor in determining both the equilibrium 
diagram and the structures of the phases in ~ 
this class of alloy, and that these simple 
effects may be outweighed when either the 
size factor or the electrochemical factor 
become appreciable. In Fig 18 we have 
seen how lattice distortion affects the 
alpha-beta brass type of equilibrium. The 
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way in which the size factor begins to 
affect the type of crystal structure is shown 
_ very beautifully by the work of A. J. 


Cus 2g, Ags 2Ng 
Aus 2g 


Mg2Zni; and the ternary phase Mg3Cu7Aljo. 
At first sight it might seem that there is 
little resemblance between these formulas, 


Cus Cdg 


Z) Cu,Aqg,Au 
@ 60” 


Fic 20—TYPICAL GROUPS OF 26 ATOMS AT LATTICE POINTS OF GAMMA STRUCTURE. 
Courtesy Institute of Metals.8 


_ Bradley on the “gamma structures” of 
~ CusZng and Cu;Cdsg. In the system copper- 
_ zinc the size factor is favorable and in the 
ze system copper-cadmium it is just outside 
the limit of the favorable zone, and the 
a primary solid solution is very restricted, 
_ although there is still a phase with the 
_ gamma-brass structure. In this case, as you 
; will see from Fig 20, the crystal structures 
_ of CusZng and CusCdg are of the same 
_ general type, but the detailed atomic 
arrangement is different, owing to the 
relatively large size of the cadmium atom. 
From this it is an easy transition to inter- 
metallic phases whose structures are deter- 
mined mainly by the relative sizes of the 
different atoms. The first of these to be 
discovered was the Cu2Mg type of struc- 
ture shown in Fig 21. This is formed by 
the compounds 


Cu2Mg, Au2Bi, and KBiz 


and it is particularly interesting to see how 
the bismuth atom plays the part of the 
smaller atom in KBie and of the larger 
R atom in Au2Bi. Other examples of this kind 
have been discovered, this work being 
associated particularly with the name of 
Laves. One very interesting example is that 
of the isomorphism of the binary phase 


a 


A 
4 


but as you will see from 


MgeZniu — MgoZn33 
and 
Mg3CuzAlio = MgeCursAleo 
Mg.Zni1 corresponds with a ratio of 33 
small zinc atoms to 6 large magnesium 
atoms, while in Mg;CuzAlio there are 34 


Fic 21—Cu2Mg TYPE OF STRUCTURE. 
Courtesy Akademische verlagsgesellshaft m.b.h.® 
small copper or aluminum atoms to 6 large 
magnesium atoms. The common character- 
istic is here an approximately constant 
ratio of large and small atoms, and other 
examples of this kind have been discovered. 
At present, however, it is not understood 
why the structures concerned are found 
only occasionally, and not in other systems 
where the size factors are similar. 
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CONCLUSION 


From this review of the characteristics 
of a few types of alloy, you will be able to 
understand why the science of alloy struc- 
tures is so complicated. Most of the exam- 
ples I have described have been chosen so 
that one factor—the size factor, the elec- 
tron concentration, or the electrochemical 
factor—is predominant, and the other 
factors have played a relatively small part. 
Under these conditions the effect of the one 
factor can be seen clearly, and it is only 
by the careful selection of alloy systems in 
this way that we can recognize and study 
each individual factor as a fundamental 
principle, and so lay the main foundations 
of the science of alloy structure. 

I have shown you one or two examples 
of the way in which the simple principles 
of electron concentration are modified by 
increasing the size factor or the electro- 
chemical factor. By choosing systems in 


this way we can see how the interplay of 


‘two factors affects the structure of the 
alloy, and can thus take the next step 
toward developing the theory. The com- 
plete theory will have to take into account, 
of course, the simultaneous effects of elec- 
tron concentration, size factor, electro- 
chemical factor, and doubtless other fac- 
tors which have not yet been recognized, 
and it is because so many different proc- 
esses are at work together that the struc- 
ture of the ordinary alloy is so difficult to 
understand. We may, however, reasonably 
claim that in the years between the two 
wars outstanding advances were made, and 
that some of the foundations of the theory 
of alloy structures were laid. 

This progress resulted from work in 
many different branches of science. You 
will have noted how even in this short 
review we have drawn on the work of metal- 
lurgists and mathematicians, physicists and 
crystallographers and chemists, and the 
whole subject is a superb illustration of the 
way in which the different sciences are 
related. 

For those of us concerned with the work, 


ELECTRONS, ATOMS, 


METALS AND ALLOYS 


these years have provided an inspiring and 
a fascinating experience. For a long time — 
now we have watched the facts being re- 
vealed one by one by patient work in the 
laboratories of many countries—and in 
that work your land and my land have 


done their share. For a little while we have — 


seen some of these facts grouping them- 
selves together—half a dozen here, and a 
dozen there—so that the first signs of law 
and order are apparent, and now perhaps 


it is not too much to hope that we are 7 


nearing the stage when views of the whole 
will be possible. But how long it will be 
before these views are obtained is some- 


~ 


© See 


thing we cannot foresee. To obtain them ~ 


will require much hard work and clear 
thinking. But the work and the thinking 
alone are not enough; the views when they 
come are in the nature of a revelation, and 
whether that revelation is granted or not 
is something that lies outside our control. 
But we have had so much shown to us that 
we may well be hopeful for the future, and 
in the meantime we can only make our- 
selves more fit for the work, in the hope 
that if we are enabled to climb higher we 
may find more of the truth revealed. 
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Twin Relationships in Annealed Copper Strip 


By P. CoHrur* anp C. S. Barrett,}| Mempers AIME 


(Atlantic City Meeting, November 1946) 


ANNEALING twins are common in the 
microstructure of copper that has been 

_ rolled and recrystallized. In such samples 
it follows that a twin relationship should 
exist between components of the re- 
crystallization texture,! and several ex- 
amples of this have been reported. For 
‘example, twin relationships have been 
found in recrystallized electrolytic copper 
- sheet, as indicated in Fig. 1, from a paper 
by Coheur and Lejeune.’ In this pole 
figure the cube texture (100) [oor] is 
indicated by the hollow squares in the 
- lower half of the figure (the pole figure for 
200 reflections) and in the upper, (111), 
_ part of the figure. The texture contains, in 
addition to this orientation, the first- 
order twins of it, shown in the figure 
by the filled triangles. This orientation 
relation has been suggested by others 


a 


_also, under certain annealing conditions,** 
5 although pole figures have not been 
- published to confirm it. 

__ Some orientations in recrystallized sheets 
_are identical with their twins, because of 
the symmetry elements of the texture— 
this is true, for example, with the (113) 
[art] texture so commonly reported for 
brass—hence it appears impossible in 
such samples to decide whether the twin 
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relationships result from twinning or 
merely from the symmetry of the deforma- 
tion process. : 

The present investigation of a com- 
mercial copper strip seems to yield an 
example in which annealing twins account 
unambiguously for the principal orienta- 
tions present. It proves to be a case, 
also, for which the recrystallization texture 
cannot be viewed as derived from the 
deformation texture by a first or second- 
order twinning mechanism. 


MATERIALS AND METHODS 


The samples investigated were of second- 
ary copper (melted in Belgium) to which 
0.19 per cent iron had been added to 
raise the recrystallization temperature. 
How much the orientation characteristics 
of this metal can be ascribed to the iron 
content and how much to other impurities 
or to melting and pouring practice have 
not been investigated.* The rolling was 
done in one direction only, on a mill with 
rolls of about 20-cm diameter. A strip 10 
cm wide was reduced from 5 mm thickness 
to o.o5 mm by several cold passes at 
commercial speeds. The samples cut 
from this 99 per cent reduced strip were 
X-rayed throughout their entire thickness. 

A pole figure made soon after rolling 
and annealing was identical, within ex- 
perimental error, with one that was made 
when a two-year interval occurred between 
rolling and annealing. X-ray patterns 
were made on a camera? that traversed 

* Spectrochemical analysis of the impuri- 
ties in this copper: Sn, 0.027 per cent; As, 


0.085; Ni, 0.01 to 0.05; Si, Ag, Zn, Mg, Pb, 
Sb, Mn, traces. 
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an area 12 by 12 mm, using molybdenum 
radiation or, in a few pictures, copper 
radiation. 

The results of the principal series of 
exposures were plotted in stereographic 


Fic 1.—TEXTURE OF ANNEALED COPPER 
STRIP SHOWING CUBE TEXTURE (HOLLOW 
SQUARES) AND TWINS OF CUBE TEXTURE (TRI- 
ANGLES). REFLECTION CIRCLES FOR COPPER 
RADIATION ARE DOTTED CIRCLES. 


projection in the form of (111) and (200) 
pole figures. (There is a considerable 
advantage in having pole figures for (200) 
as well as (111) reflections.) Some of the 
subsidiary experiments made to test the 
effect of different annealing practices 
were made without plotting entire pole 
figures but the incident beam was directed 
to yield reflections for important areas 
of the pole figure. Other tests were plotted 
as complete pole figures. 

The pole figures were interpreted in 
terms of ideal orientations. While it is true 
that the practice of using ideal orientations 
is somewhat arbitrary and may be an 
oversimplification, nevertheless it appears 
to be justified when twin relationships 
are being considered, and all investigators 
have followed the practice for this purpose. 


RESULTS AND DISCUSSION 


1. The cold-rolled texture in this mate- 
rial is conveniently described as_prin- 


tially strain-free. 4 
i 


ANNEALED COPPER STRIP 


tye ee 


cipally (110) [112] plus (112) [111], with 
a very weak (100) [oor] component. A — 
pole figure for this strip has been published 7 
by Coheur;® it is the same as that of © 
Iweronowa and Schdanow.® ; 
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Fic 2.—TEXTURE OF COPPER STRIP CON- 
TAINING 0.19 PER CENT IRON, ANNEALED FIVE © 
MINUTES AT 850°C. % 

Filled squares and triangles are (120) [oor] © 
orientation; open squares and triangles are — 
first-order twins of these. 


2. The texture after annealing at low ~ 
temperatures, and after annealing short — 
times at higher temperatures, consists of 


‘an orientation identical with the rolling — 


texture plus orientations discussed in the 
following paragraph. The latter are i 
scribed by the indices (120) [oor]. Perhaps 7 
also the twins of the latter orientation — 
are present, but this could not be deter- | 
mined with certainty from the pole 
figures. The annealing schedules that 

gave this result were as follows: 450°C 

for 4 hr and for 20 hr; 650°C for 5 min; 
700°C for 30 sec. In each of these samples 
recrystallization appeared to be complete, 
for a Laue photograph with the specimen — 
stationary consisted entirely of individual 

sharp spots of the type produced by | 
recrystallized grains. The grains in the — 
orientations characteristic of the cold-— 
rolling texture, therefore, are substan- 
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Fic. 3.—X-RAY DIFFRACTION PATTERNS FOR ANNEALED STRIP. 
Molybdenum radiation directed 10° from sheet normal, 90° from rolling direction in a to d, 
and 80° from rolling direction ine and f. (Fig. 3c is upside down). 
a. 20 hours at 450°. c. 15 minutes at 850°. é. s§minutesat 850°. 
b. 5 minutes at 850°. d. «minute at 1040°. f. 15 minutes at 850°. 
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3. By increasing the time or the tem- 
perature of annealing, the rolling texture 
decreases, until, with sufficient annealing, 
it disappears. The stage at which the 


TWIN RELATIONSHIPS IN ANNEALED COPPER STRIP | 


brass; such as (113) [112], (112) [423], | 
(110) [oor], or (110) [111]. 

The texture(120)[0or]—without twins— 
has been noted in rolled copper (and also 


Fic. 4.—MICROSTRUCTURES AFTER ANNEALING. X 750. 
a. 25 minutes at 550°C. 
b. 60 hours at 550°C. 
¢. Io minutes at 700°C, 


rolling texture has vanished is illustrated 
by the pole figure in Fig. 2, where the 
filled squares and triangles represent 
the two symmetrical (120) [oor] orienta- 
tions and the open squares and triangles 
represent all the first-order twins of these. 
This pole figure shows the result of anneal- 
ing a sample 5 min. at 850°C. 

If this pole figure is compared with that 
obtained in brass by von Gédler and 
Sachs’ it will be seen that there is a general 
similarity but that some additional areas 
are found in this figure that do not exist 
in the earlier one. On the other hand, the 
present texture rather closely resembles 
those found in brasses of various zinc 
contents by Brick and his coworkers®~!° 
and by Cook and Richards." It is possible, 
therefore, to describe some of the orienta- 
tions in brass by the indices (120) [oor], 
but this orientation does not account for 
all orientations in the brass, nor do twins 
of this orientation fall within the important 
concentrations of poles in the pole figure 
in brass as well as they do in the present 
case. It should be remarked that Fig. 2 
is not well accounted for by other orienta- 
tions commonly used for recrystallized 


nickel) by Dahl and Pawlek* when the 
sheet was rolled more than 80 per cent 
and annealed at about 950°C, a treatment 
that produced a cube texture first, then 
later exhibited large grains of this (120) 
[oor] orientation after ‘“‘secondary re- 
crystallization” had occurred. In the 
present case this orientation was not 


preceded by the cube texture nor was 


it the result of the growth of large grains. 
The changes during annealing are 


illustrated by the X-ray patterns of — 


Figs. 3a and 30. Fig. 3a shows a strong 
maximum at 3 o’clock on the innermost 
rings (reflections from (111) planes) just 
as in the cold-rolled texture, and can be 
ascribed to the (110) [112] orientation. 
Figs. 3b to 3f show that this maximum 


is absorbed by increasing the temperature : 


of annealing. 
4. Annealing at still higher tempera- 
tures or longer times brings about a 


slight additional change, as will be seen 


from the intensities of the diffraction 
maxima in Fig. 3. The maxima at 8 and 
to o'clock on the inner (111) ring of Figs. 

3a to 3d decrease while the maximum at 


9 o’clock increases. This can be accounted — 


Ect Ee Ea 


hn si at maar x APas 


Sica de = Sia bait ed inte A A Ney NRA Rg i Sa Ot eERIME SLIT OENT IL 


+ 


a 


Tae. >) ee 


~ a 


P. COHEUR AND C. S. BARRETT 67 


RO 
oT 


ne 


: Fic. .-—ORIENTATION (112) [111] (SQUARES, MARKED S) AND FIRST-ORDER TWINS OF THIS (FILLED 
CIRCLES) AND SECOND-ORDER TWINS (OPEN CIRCLES). 
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for by assuming that the (120) [oor] 
orientation is decreasing and its twins 
are increasing, for Fig. 2 shows that the 
maximum at ro o’clock corresponds to 
an area of the pole figure we have ascribed 
to the (120) [oor] orientation, and the 
symmetrical maximum at 8 o’clock has the 
same origin, while the maximum at 
9 o’clock is accounted for by the twins 
of this orientation. The patterns of Figs. 
3a to 3d were made with the beam directed 
10° from the sheet normal, 80° from the 
cross direction of the sheet. 

Figs. 3e and 3f were made by inclining 
the beam from the normal toward the 
rolling direction, 10° from the sheet normal, 
80° from the rolling direction. Here again 
we see the maxima originating in the 
(120) [oor] texture (at 11 and 1 o’clock) 
increase as the annealing time increases. 
All of the changes recorded in Fig. 3 
occurred, of course, after recrystallization 
was complete—after patterns with sta- 
tionary specimens showed only sharp 
spots. 

The texture finally reached, with the 
(120) [oo1] texture present but dominated 
by its twins, is a stable one. No further 
change was noted even with 3 hr annealing 
at 1050°C. 

5. Astudy of the grain size in the various 
samples shows that there is no direct 
correlation between final grain size and 
texture: for example, annealing 25 min 
at 550° and 10 min at 700°C gave about 
the same grain size (Figs. 4a and c, respec- 
tively) yet the former contained some of 
the cold-rolled orientations, and_ the 
latter did not. There was, however, pro- 
gressive grain growth as the annealing 
continued at any given temperature, as 
illustrated by Figs. 4a and 4b. 

6. Varying the rate of heating was 
without effect on the recrystallization 
textures produced. One sample was heated 
to 850°C in so sec and another in 6 hr, 
without noticeable difference in the texture. 
The texture of both was discussed in 


ANNEALED COPPER STRIP 


paragraph 3. Similarly, the rate of cooling 
appeared to be of no significance: both 


© 
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water quenching and cooling in air from — 


1050°C gave the same results. 

7. There is much interest in the idea 
that twins of the deformation texture 
play an important part in determining the 
orientations after recrystallization. The 
present series of experiments offers a 


i 


Pay! y+ 0% 


Ap 


chance to test this theory. Twins of the — 
orientations (112) [111] and (110) [112], — 
the principal orientations of the cold- — 
rolled texture, and also twins of the very 


weak component (100) [oor], were plotted 


for the first and second orders. (The © 


plotting was done from the tables of 
Dunn!* and was verified by a graphical 
method.) Fig. 5a is a pole figure for the 
cube poles of orientation (112) [111], 


marked S, and all its first-order twins 


(filled circles) and second-order twins 
(open circles). Fig. 56 is the same for the 
other principal texture of the cold-rolled 
material, (110) [112]. It is concluded that 
none of the twins has all cube poles 
within the shaded areas of the observed 
cubic pole figure in Fig. 2. Attempts to 
fit {111} poles of the twins to the observed 
{111} pole figure also failed, as did similar 
attempts with the minor component of 
the cold-rolled texture, (100) [oot]. 

This result, then, is not in accordance 
with the predictions of the theory that 
has been proposed for rolled brass®}° 
—that the recrystallization texture is 
made up of first-order twins of the defor- 
mation texture. Nor does it appear to be 
possible to predict Fig. 2 by any twinning 
theory involving second-order twins of the 
three orientations in the cold-rolled texture 
we have mentioned. It is believed that 


any twinning mechanism involving other - 


than the principal cold-rolled orientations 


is so arbitrary as to be useless at the 


present time. The same objection must be 
raised to any theory involving twins 
arbitrarily selected from the great number 
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- rolling texture. 


SUMMARY 


In accord with the presence of twins 
in many of the grains of recrystallized 
- copper strip, a first-order twin relationship 
is found in the recrystallization texture 
A of a strip of copper containing 0.19 per cent 
- Fe cold-rolled 99 per.cent and annealed 
~ from 450° to 700°C. The recrystallization 
texture may be described as the rolling 
texture plus (120) [oor] plus, possibly, 
_ twins of the latter. Annealing for longer 
times or at higher temperatures (up to 
 1050°C) produces a texture consisting of 
(120) [oor] plus all first-order twins of 
this orientation. Still longer annealing 
or annealing at higher temperatures 
causes some additional increase in the 
a twinned material at the expense of (120) 
[oor] before a stable condition is reached. 
Laue photograms indicate that recry- 
stallization is complete before these changes 
take place: hence they are associated 
with grain growth. Neither first nor 
second-order twins of the principal orienta- 
tions of the cold-rolled texture coincide 
with the principal orientations that are 
stable after annealing. 


of third and higher order twins of the 
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The Alpha Solid Solution Area of the Copper-manganese-aluminum 


System 


ev thee 


By R. S. Dean,* J. R. Lonc,t MEMBER T. R. GRAHAM,f JUNIOR MEMBER AIME A. H. Roserson,f 
AND C. E. ARMANTROUTT : 


(Atlantic City Meeting, November 1946) 


THE general program of the Federal 
Bureau of Mines on the study of alloys 
made with electrolytic manganese has 
been extended to copper-manganese-alumi- 
num alloys. The initial results of the work 
are presented in this report and concern 
a determination of the mutual solubilities 
of these three metals to form the alpha 
_solid solution. 

The principal studies of this system, 
reported in the literature, have been 
focused on the Heusler alloys containing 
to to 30 per cent Mn with g to 15 per cent 
Al. These investigations concern the 
ferromagnetic properties and the deter- 
mination of the crystallization contours, 
with little emphasis on the phases present 
in the solid state outside of this area. 
Heusler! recognized a breakdown of the 
beta solid solution of the magnetic alloy, 
which he says decomposes into the alpha, 
beta, and gamma phases of the copper- 
aluminum system, somewhat modified 
by the presence of manganese. Rosenhain 
and Lantsberry? examined alloys ranging 
up to ro per cent Mn and to per cent Al 
but were unable to reach definite con- 
clusions concerning the phase boundaries 
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in that area. Krings and Ostmann* made 


magnetic studies and examined the system 
by thermal analysis. They present contours 
of the liquidus surface but do not place 
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Per Cent Aluminum 


1.—COPPER-ALUMINUM SYSTEM. 
Metals Handbook.)® 


Fic. (From 


any of the phase boundaries. Corson‘ 
has drawn a hypothetical boundary for 
the alpha field with few data to support 
such construction. 

The binary systems involved have re- 
ceived considerable attention by numerous 
investigators, and their general features 
are well established. The ecopper-alumi- 
num. system (Fig. 1) has been thoroughly 


examined by Stockdale,’ who places — 


the limit of solubility of aluminum in 
copper at 7.4 per cent at the liquidus 
and 9.5 per cent at room temperature. 
Smith® established the eutectoid tempera- 
ture at 570°C. by a study of isothermal 
decomposition of the beta phase. The 
copper-manganese system (Fig. 2) has 
been recently reviewed by Dean and 
co-workers.” 
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they place the solubility of alpha man- 


ganese in copper at 20 per cent at 300°C. 
and about 70 per cent at 700°C. Neither 
alpha nor beta manganese exhibits solu- 
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ganese end, is not as well established 
as the other two systems. Bradley and 
Jones® have shown a slight solubility of 
aluminum in alpha manganese and that 
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" pility for copper, but gamma manganese 
js completely miscible with copper. The 
constitution of the manganese-aluminum 


system, particularly on the high-man- 


Weight % Manganese. 
8 
Fic. 3.—SOLID PHASES OF MANGANESE-ALUMINUM SYSTEM AFTER BRADLEY AND JONES. 


the alpha-beta manganese transformation 
is lowered to room temperature by small 
amounts of aluminum. They also show 
that beta manganese dissolves approxi- 
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mately 25 per cent Al (Fig. 3). Koster 
and Bechthold® place the solubility of 
aluminum in beta manganese at 13 per 
cent at 600°C., with no indication of a 
decrease at lower temperatures. 
Consideration of these binary systems 
suggests that the alpha field would extend 
from the copper-aluminum to the man- 
ganese-aluminum sides of the diagram 
at elevated temperatures, that at lower 
_ temperatures the field would be restricted 
by precipitation of alpha and beta man- 
ganese, and that the formation of delta from 
the copper-aluminum beta phase would 
present some additional complications. 
This investigation was undertaken to 
establish the extent of the alpha solid 
solution in alloys containing up to Io per 
cent Al and 50 per cent Mn at temperature 
intervals of 50° from 400° to 900°C. 


PREPARATION OF ALLOYS 


The raw materials for the alloys in 
this study were electrolytic manganese, 
wire-bar copper, and especially selected 
aluminum containing less than 0.05 per 
cent total impurities. The respective 
compositions listed in Table 1 were pre- 
pared in a high-frequency furnace in 35-lb 
lots and cast into slab ingots. This table 
‘shows that the iron and silicon contents 
of a large number of the alloys were quite 
low; that is, under 0.025 per cent Fe and 
<0.005 per cent Si. One group of the alloys, 
however, in the range 30 to 50 per cent Mn 
with less than 2.5 per cent Al, is somewhat 
higher in iron content. Since this series 
was known to be in the alpha solid solution 
region at the upper temperatures and the 
alpha-alpha manganese field at lower 
temperatures, it was believed that the 
somewhat larger amounts of iron (0.20 
per cent) would not interfere materially 
with the determination of the phase 
‘boundaries in this area, therefore these 
alloys were included throughout the study. 
To reduce uncertainties that might be 
introduced by segregation and persistence 


TABLE 1—Chemical Composition of Alloys 
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of cast structures, the slab ingots were 
given a 50 per cent reduction by hot- 
rolling and portions of these slabs were 
then hot-forged into rod stock. Before 
this working, the slabs and rods were 
given a 1-hr soak at 760°C, with frequent 
reheating and soaking at this temperature 
between the reduction steps of about ro per 
cent. Examination of the alloys after hot- 
working showed that this working and 
soaking completely destroyed the cast 
structure, resulting in homogeneous struc- 
tures in the solid solution alloys and 
uniform alpha-beta structures in the 
others. With the exception of alloys 49 
to 62, the hot-worked rods were then 
cold- Siiaed. with intermediate annealing 
at 700°C, into 0.325-in. rounds, finishing’ 
with 50 per cent cold- work. The cold- 
_ working was introduced to hasten the 
approach to equilibrium when the alloys 
- were heated subsequently to the tempera- 
ture levels under investigation. Alloys 49 
to 62 did not cold-work very well, and 
were finished by swaging at 700°C; they 
were quenched after passage through the 
last die. The repeated annealing at 700°C 
between the cold-working steps, and the 
_ hot-working of alloys 49 to 62 at 700°C, 
established equilibrium structures in all the 
alloys corresponding to this temperature. 
Heat-treatment at the various tempera- 
tures to determine the phase boundaries 
consisted of heating the individual samples 
of the alloys to the desired temperature 
and holding for time periods of 4, 6, 24, 
and 48 hr for temperatures of 700° to 
goo°C, and for 4, 6, 24) 48, and 200 hr 
for temperatures of 400° to 650°C. The 
samples heated to 600°C and above were 
protected by an atmosphere of helium. 
All specimens were cooled by water 
quenching. 
While some hardness and X-ray diffrac- 
tion data were obtained for purposes of 
confirmation, the chief efforts were directed 
to metallographic examination of the 
quenched samples, and the approach to 


equilibrium conditions were tested by 
comparing structures obtained at various 
time periods at the same temperature. 


DISCUSSION OF RESULTS 


Although this investigation was aimed 
chiefly at determination of the alpha solid 
solution field, additional information con- 
cerning the adjacent fields was obtained. 
When data permitted positive placement 
of other phase boundaries, they are 
indicated in the ternary plots by solid 
lines; i.e., the boundary of the beta field 
in Figs. 4 and 5. Where the data were 
insufficient for positive placement, the 
lines are dotted as in Figs. 6, 7, and 8. 
The results for alloys treated at goo°C are 
not included because many of the alloys 
melted at this temperature. The phase 
areas plotted correspond to structures 
observed in the alloys treated at the 
indicated temperature for the longest 
period of time. Thus, Figs. 4 and 5 are. 
based on 48-hr treatments and Figs. 6, 
7, and 8 on 200-hr treatments. 


Structures at 700° to 850°C. 


At temperatures ranging from 700° to 
850°C (Figs. 4 and 5) the alpha and beta 
solid solutions are capable of dissolving 
more than so per cent Mn. The full extent 
of their solubility for manganese at these 
temperatures cannot be determined from 
the present data, but from consideration 
of the copper-manganese diagram of Fig. 2 
it is apparent that the alpha field may be 
expected to extend to about 70 per cent Mn 
at 7oo°C and to the manganese corner 
above rog1°C. As will be shown later, 
the alpha-beta field will be restricted by 
the intersection of the beta manganese 
field, giving rise to the three-phase field 
alpha-beta-beta manganese. Additional 
data on high-manganese alloys will be 
required to determine the exact position 
of these fields. 

Manganese decreases the sOlubility of 
aluminum in the alpha solid solution, 
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_ curving the boundary toward the copper- 
manganese base line. The greatest change 
occurs with the first 25 per cent Mn; 
at higher manganese contents the boundary 
tends to parallel the base line. The solu- 
bility of aluminum, however, is somewhat 
greater at 700° than 850°C, increasing the 
area of the alpha field at 700°C. The data 
permit placing of the beta boundary at 
the three higher temperatures and in part 
at 700°C. Only one composition remained 
within the beta field at 700°C, and ac- 
cordingly this boundary has not been 
extrapolated past 20 per cent Mn. Since 
alloys with 5 per cent Al and 20 to 45 per 

_ cent Mn show the existence of alpha and 
beta through 45 per cent Mn, the line 
could probably be extended much farther. 
The beta boundary established is sub- 

stantially parallel to the alpha boundary 
and confines the alpha-beta field to ap- 
proximately the same width as in the 
binary copper-aluminum system. 

The metallographic structures of speci- 
mens treated at these temperatures are 

- quite similar to those of the alpha and 

_ beta structures in the copper-aluminum 

_ system and were readily identified. The 

_ stability of the beta phase increased with 

the manganese content but varied with 

_ the relative position of the alloys in their 
respective fields and the temperatures 

_ from which they were quenched. Figs. 9, 

10, 11 are typical of the structures obtained 

-on quenching alloys from the all-beta 

region. Beta retained by quenching is 

illustrated in Fig. 9. In other specimens 
the beta underwent partial decomposition, 
developing grain boundary and _ needle 
form of alpha, as in Fig. 10, or an acicular 
structure, which is particularly well de- 

_ veloped in Fig. 11. Beta, in alloys quenched 

from the alpha-beta region at 700°, 750°, 

and 800°C, was retained or partly decom- 

posed to acicular beta as in Fig. 12. 

Alloys quenched from the alpha-beta 

region at 850°C usually showed more 

decomposition of the beta phase, develop- 


na ie es v a, 
‘ 


ing a pronounced Widmanstitten structure 
as in Fig. 13, and in some cases completely 
transforming to alpha as in Fig. 14. 
The characteristic “alpha feathers” and 
the well-rounded outlines of the original 
alpha grains, however, make it possible 
to establish the structure at the quenching 
temperature as alpha-beta. 


Structures at 650° and 600°C 


At 650° and 600°C (Fig. 3) the solu- 
bility of aluminum in alpha has increased 
slightly with decreasing temperature, and 
the solubility of manganese sharply de- 
creased, introducing new fields. The change 
in manganese solubility is greatest between 
650° and 700°C, in agreement with a 
similar rapid change in the copper-man- 
ganese system. The new fields, alpha- 
alpha manganese, and alpha-beta man- 
ganese, together with their accompanying 
three-phase areas, alpha-alpha manganese- 
beta manganese and alpha-beta-beta man- 
ganese, continue to spread and restrict 
the alpha field with decreasing tempera- 
ture. The presence of alpha or beta man- 
ganese was determined by X-ray diffrac- 
tion patterns on representative samples 
in the respective fields. The boundaries 
separating these fields from each other 
are indicated by dotted lines because the 
coexistence of alpha and beta manganese 
could not be definitely established at 
these temperatures. The patterns of 
both forms of manganese indicate an 
expansion of the lattice, the beta lattice 
showing most expansion, amounting to 
about one per cent. This is in good agree- 
ment with the data of Bradley and Jones,’ 
who show a slight solubility of aluminum 
in alpha manganese and up to 25 per 
cent in beta manganese. The patterns 
obtained for the two forms of manganese 
were complete only when substantial 
amounts of the phase were present; small 
amounts of one form could not be readily 
detected in the presence of large amounts 
of the other. 
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10.2 MANGANESE, 8.7 ALUMINUM ALLOY QUENCHED AF 

AT 700°C, 

Fic. 10.—GRAIN BOUNDARY AND NEEDLE ALPHA FORMED DURING COOLING OF 25.2 MANGANESE, 

4.85 ALUMINUM ALLOY QUENCHED AFTER 48 HOURS AT 800°C. 

Fic. 11.—ACICULAR BETA IN 4.9 MANGANESE, 9.85 ALUMINUM ALLOY QUENCHED AFTER 48 HOURS 
AT 750°C. 

Fic. 12.—ALPHA PLUS ACICULAR BETA IN 5-4 MANGANESE, 8.1 ALUMINUM ALLOY QUENCHED AFTER 

48 HOURS AT 700°C, 
FIG. 13.—ALPHA PLUS DECOMPOSED BETA (WIDMANSTATTEN) IN 14.8 MANGANESE, 6.1 ALUMINUM 
ALLOY QUENCHED AFTER 24 HOURS AT 850°C. 
FIG. 14.—ALPHA PLUS COMPLETELY DECOMPOSED BETA FORMED IN 24.9 MANGANESE, 3.85 ALUMINUM 
ALLOY ON QUENCHING AFTER 24 HOURS AT 850°C. 
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The ternary field with both alpha and 
beta manganese was drawn to agree with 
alloys definitely containing alpha or 
beta at these temperatures, and also to 
match the corresponding two-phase field 
of the aluminum-manganese diagram as 
placed by Bradley and Jones. It is a very 
narrow field and cannot be shifted very 
far from its present position. The lower 
limit of the alpha-beta-beta manganese 
field was likewise placed to agree with the 
spread of the beta manganese field in the 
binary system as indicated by these work- 
ers. 

The division between the alpha-beta 
and beta solid solution fields could be 


_ placed only tentatively at 650°C. At 


this temperature the alloys near this 
boundary contained 90 to 95 per cent 
beta, but none was entirely beta. It is, 
therefore, dotted and extended only to 
15 per cent Mn. It must be blocked off 
by the alpha-beta-beta manganese field 
in the neighborhood of 30 per cent Mn, 
and such a limit to the three-phase field is 


indicated. 


While some uncertainty may exist 
concerning the position of the dotted lines 
for these temperatures, the boundary of 
the alpha phase itself is quite definitely 
placed. Small amounts of a second phase 
could be readily found under the microscope 
and specimens treated for 24 and 48 hr. 


are in substantial agreement with those 


treated for 200 hr at temperature. Along 


the alpha-beta boundary, small amounts 
of beta were readily detected by usual 


- metallographic methods. This is illustrated 
in Fig. 15, which shows the trace of beta | 


in the boundary-line alloy containing 


_ 25.2 per cent Mn and 4.85 per cent Al. 


4 Only a half dozen or so areas of beta 
could be found in the entire metallographic 
specimen. At the other boundary small 


amounts of alpha and beta manganese 


; were best detected by examination of 


; 


Tes 
ie 7. 


--unetched specimens that had been pre- 


- 


pared by a relief-polish technique. -The 


rapid attack of manganese by the usual 
etching agents sometimes obscured these 
phases when present in small amounts. 
When present in larger amounts of 3 to 
5 per cent, beta manganese usually oc- 
curred in more or less spheroidal particles 
(Fig. 16) and the alpha manganese occurred 
in a platelike or rodlike form (Fig. 17). 
Another feature that assisted in placing 
the alpha boundary was the grain-growth- 
inhibiting effect of small amounts of a 
second phase. This is illustrated in Figs. 
18 and 1g. Fig. 18 shows small-grained 
alpha solid solution with alpha man- 
ganese, while Fig. 19, with 2.5 per cent 
less manganese, shows only large-grained 
alpha solid solution. 


Structures at 550° and 500°C 


At 550°C two additional fields, the 
two-phase alpha-delta and the three- 
phase alpha-delta-beta are introduced. 


_ While none of the alloys falls within these 


fields at 550°C, this construction is 
required to conform with the alpha-delta 
field in the copper-aluminum system 
at this temperature. The structure of the 
alloy containing 2.9 per cent Mn 1o.2 per 
cent Al consists of alpha and beta phases 
after 200 hr at 550°C (Fig. 20). It is 
apparent therefore that manganese lowers 
the eutectoid temperature and the three- 
phase field accordingly has been placed 
at less than 2.9 per cent Mn in Fig. 7. 
While the alloy with 2.9 per cent Mn 
exhibited the acicular type of beta with 
the alpha phase, higher manganese alloys 
are composed of alpha plus retained beta 
(Fig. 21). 

At 500°C, the alpha-delta eutectoid is 
well developed in the alloy with 2.9 percent 
Mn and 10.2 per cent Al after only 6 hr 
at temperature, and while it has some 
tendency to spheroidize, it remains essen- 
tially unchanged after 200 hr at tempera- 
ture. The microstructure of this specimen 
is given in Fig. 22. It is the only alloy 
that contains. delta at this temperature. 


82 


19 


Fic. 


Fic. 
Fic. 
Fic. 


Fic. 


Fic. 20.—ALPHA PLUS ACICU 


ALPHA SOLID SOLUTION AREA OF COPPER-MANGANESE-ALUMINUM SYSTEM 
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20 
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LPHA PLUS TRACES OF BETA IN 25.2 MANGANESE, 4.85 ALUMINUM ALLOY QUENCHED 
: AFTER 200 HOURS AT 600°C. 
16.—ALPHA SOLUTION PLUS BETA MANGANESE IN 35-5 MANGANESE, 4.75 ALUMINUM ALLOY 
QUENCHED AFTER 200 HOURS AT 600°C. 
17.—ALPHA SOLUTION WITH ALPHA MANGANESE IN 47.6 MANGANESE 
QUENCHED AFTER 200 HOURS AT 500°C. 
18.—SMALL-GRAINED ALPHA SOLUTION WITH ALPHA MANGANESE IN 42.6 MANGANESE, 0.42 
ALUMINUM ALLOY QUENCHED AFTER 200 HOURS AT 650°C, 
19.—LARGE-GRAINED ALPHA SO 
QUENCHED AFTER 200 HOURS AT 650°C. 
LAR BETA IN 2.9 MANGANESE, 10.2 ALUMINUM ALLOY QUENCHED AFTER 
200 HOURS AT 550°C. 
All specimens etched with dichromate solution, A.S.T.M. Designation No. 11. X 500. 
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Fic. 21.—ALPHA PLUS RETAINED BETA IN 14.5 MANGANESE, 7.55 ALUMINUM ALLOY QUENCHED 


AFTER 200 HOURS AT 850°C. 
Fic. 22.—ALPHA PLUS ALPHA-DELTA EUTECTOID IN 2.9 MANGANESE, 10.2 ALUMINUM ALLOY 
6 QUENCHED AFTER 200 HOURS AT 500°C. 
Fic. 23.—ALPHA PLUS UNDECOMPOSED BETA IN 4.9 MANGANESE, 9.85 ALUMINUM ALLOY QUENCHED 
AFTER 200 HOURS AT 500°C. 
Fic. 24.—ALPHA PLUS BETA IN 10.2 MANGANESE, 8.7 ALUMINUM ALLOY QUENCHED AFTER 200 
HOURS AT 500°C. 
Fic. 25.—ALPHA PLUS BETA PRIME IN 17.1 MANGANESE, 6.3 ALUMINUM ALLOY QUENCHED AFTER © 
ee 200 HOURS AT 500°C, 
Fic. 26.—ALPHA PLUS BETA PRIME PLUS BETA MANGANESE IN 25.2 MANGANESE, 4.85 ALUMINUM 
ALLOY QUENCHED AFTER 200 HOURS AT 500°C. 
All specimens etched with dichromate solution, A.S.T.M. Designation No. 11. X 500. 
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Diffraction patterns of the delta phase 
indicate a slightly larger lattice than that 
reported for the copper-aluminum binary 
alloys, suggesting that manganese has 
expanded this lattice. 

Alloys with 5 to 1o per cent Mn (Figs. 
23 and 24) contain only alpha and beta 
solid solutions at 500°C, thereby isolating 
the three-phase field alpha-delta-beta be- 
tween 2.9 and 5 per cent Mn. Its approxi- 
mate position is indicated by dotted lines 
in Fig. 4. 

With more than 12.5 per cent Mn, a 
new constituent appears replacing the 
beta phase. This constituent, labeled beta 
prime in Fig. 4, differs materially, both 
metallographically and in diffraction pat- 
tern, from the beta solid solution previ- 
ously observed. The micrograph of Fig. 25 
is representative of alloys within the 
alpha-beta prime area of Fig. 4. This 
beta prime resembles the beta prime 
phase observed by Obinata,!° who de- 
scribes the occurrence in copper-aluminum 
alloys and calls it a squatty hexagonal 
with an axial ratio of 0.5698. Bradley and 
Jones! reported similar findings and 
agreed with Obinata’s conclusion that 
the phase originated from the stepwise 
reversible change, beta to beta prime 
to alpha-delta in the copper-aluminum 
system. The X-ray patterns of the beta 
prime phase in the present investigation 
differ from Obinata’s description in the 
relative intensity and spacing of the lines, 
and cannot be positively identified as the 
same phase without additional data. 
It is conceivable, however, that the 
presence of manganese in this phase could 
produce a modification of intensities 
and spacing, and that the two constituents 
are in essence the same phase. If this is 
true, then Obinata’s statement, that man- 
ganese stabilizes the beta solid solution 
Phase, must be limited to manganese 
contents up to ro per cent for the tempera- 
ture 500°C. With larger amounts of 
manganese, beta prime replaces the beta 


portion of the alpha plus beta field and 
appears to be the more stable of the two. 

Alloys containing more than 25 per cent 
Mn and more than 4 per cent Al after 
200 hr at 500°C exhibit diffraction pat- 
terns of three constituents alpha, beta 
prime, and beta manganese. A three-phase 
field containing these constituents is 
shown in Fig. 4 at 500°C by dotted lines 
separating it from the adjacent alpha- 
beta prime and alpha-beta manganese 
fields. A representative structure of alloys 
in this field appears in Fig. 26. The con- 
struction of fields involving beta prime 
assumes this constituent to be a true 
stable phase and was adopted to conform 
to the data so far available. Additional 
investigation will be required, however, 
before this assumption can be completely 
accepted. 


Structures at 450° and 400°C 


The alpha solid solution area is further 
restricted at 450° and 400°C, as shown in 
Fig. 8. At these temperatures, alloys falling 
within the alpha area are readily identified 
by their characteristically twinned single- 
phase structure and the borderline two- 
phase alloy by the other methods previ- 
ously discussed. Alloys within the adjacent 
fields, particularly the higher manganese 
alloys at 450°C, are complicated by 
impossible overlapping in the three-phase 
fields alpha-beta prime-beta manganese, 
and alpha-beta prime-alpha manganese. 
In addition, an X-ray diffraction pattern 
of one alloy in the same composition area 
gave positive identification of the alpha 
solid solution coexisting with the alpha 
and beta allotropes of manganese. In 
none of these alloys, however, were the 
alpha plus beta manganese structures 
observed. Only a few of the high-man- 
ganese alloys treated at 400°C were 
examined by X-ray diffraction, but the 
fragmentary data indicated a similar com- 
plexity to that of 450°C. The inconsistencies 


in these areas denote the lack of equilib- 
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ROA 5 a 

Fic. 27.—ALPHA PLUS DELTA IN 2.9 MANGANESE, 10.2 ALUMINUM ALLOY AFTER 200 HOURS AT 
450.C; 

_ 28.ALPHA PLUS BETA IN 4.9 MANGANESE, 9.85 ALUMINUM ALLOY AFTER 200 HOURS AT 4 Ler ©: 
Fic. 29.—ALPHA PLUS BETA IN 8.0 MANGANESE, 9.1 ALUMINUM ALLOY AFTER 200 HOURS AT 450°C, 
Fic. 30.—ALPHA PLUS BETA IN 4.9 MANGANESE, 9.85 ALUMINUM ALLOY AFTER 200 HOURS AT 400°C. 
Fic. 31.—ALPHA, BETA, AND BETA PRIME IN 8.0 MANGANESE, 9.1 ALUMINUM ALLOY AFTER 200 
rs HOURS AT 400°C. 
IN 4.9 MANGANESE, 9.85 ALUMINUM ALLOY AFTER WORKING AT 500°C. 
AND HEATING FOR 208 HOURS AT 450°C. 
P All specimens etched with dichromate solution, A.S.T.M. Designation No. 11. X 500. 
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Fic. 32.—ALPHA PLUS BETA 
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rium, therefore no attempt has been made 


to outline the phase fields. 


At manganese contents less than 15 
to 20 per cent metallographic and X-ray 


35 


iene 


et 


Fic. 33.—ALPHA AND BETA PRIME IN 14.5 MANGAN 
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“~~ 


intermediate between these two com- 
positions. It is not changed materially 
at 400°C. 

With increasing manganese, the struc- 


5 34 


Fic. 36.—ALPHA AND BETA PRIME IN 10.0 MANGANESE, 7.1 ALUMINUM AFTER CONVERTING TO 
ALPHA AT 550°C., COLD-WORKING AND HEATING 174 HOURS AT 400°C, 
All specimens etched with dichromate solution, A,S.T.M. Designation No. r1. X 500. 


data for the 450° and 400°C specimens 
can be rationalized sufficiently for the 
tentative construction involving delta, 
beta, and beta prime phases in Fig. 8, 
The 2.9 per cent Mn, 10.2 per cent Al 
alloy at 450°C is composed of alpha and 
delta phases as shown in Fig. 27, while 
the neighboring alloy, containing 5 per 
cent Mn (Fig. 28), is alpha plus beta, 
indicating the position of the eutectoid 


tures remain alpha plus beta at 450°C 
to approximately 10 per cent Mn. Struc- 
tures of specimens within the alpha-beta 
area show, as in Fig. 20, a complex dis- 
tribution of the beta phase in an alpha 
solid solution matrix. This type of beta 
distribution was particularly prevalent 
in alloys that were essentially all beta 
after their preparation and prior to the 
200-hr treatment at 400° and 450°C, 
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It is attributed to the mode of decomposi- 
tion of the beta at these temperatures in 
converting from an all-beta structure to 
equilibrium amounts of alpha and beta. 
While it is suggestive of the formation of 
delta from beta, diffraction patterns show 
only alpha and beta to be present. The 
amount of alpha in these structures is 
increased during the 2o00-hr treatment 
by a shrinking of the beta and by formation 
of alpha within the beta areas. This has 
proceeded more completely at 450°C than 
at 400°C, as can be seen from a comparison 
of Fig. 28 with Fig. 30 and Fig. 29 with 
Fig. 31. The structure of Fig. 31 is a 
trifle more complicated by the presence 
of beta prime, which has been identified 
also in 10.2 per cent Mn, 8.7 per cent Al 
alloy. With such: structures, X-ray data 
have been considered more reliable than 
metallographic interpretation. The alpha- 
beta character of these structures, however, 
was confirmed by heating several alloys 
in this area to 450°C for 208 hr after 
hot-working them (60 per cent reduction 
in area) at 500°C to hasten the approach 


to equilibrium. Fig. 32 shows the alpha- 


beta structure obtained in the same alloy 
illustrated in Figs. 28 and 30. The alpha 
area compares favorably with Fig. 28 


and the beta is now in the massive form. 


Figs. 33 and 34 are representative of 
alloys in the alpha plus beta prime area 
at 450°C and are interesting in that the 
beta prime phase appears predominantly 


in what formerly was the beta area of the 
specimen at 700°C. It will be further 
noted in Fig. 34 that beta prime also 
appears within the parent alpha grains, 


Bs 


although it is more concentrated in a 
former beta area. This would tend to 


indicate that the beta prime phase can 


be formed directly from a saturated alpha 
phase as well as from an original beta 
phase. Fig. 35 is representative of the 
alpha plus beta prime alloys after 200 hr 
at 400°C. Here beta prime also appears 


- both in the alpha and within the former 


beta portions of the alloy. Several alloys 
exhibiting this structure were given a 
separate treatment to examine this con- 
dition. They were first heated for 72 hr 
at 550°C, at which temperature they 
were known to be within the single-phase 
alpha field. After water-quenching and 
cold-working to approximately 50 per 
cent reduction in area, they were treated 
at 400°C for various time periods. By 
following this procedure, structures illus- 
trated by Fig. 36 were obtained in which 
the second phase, uniformly dispersed 
within the alpha, showed the beta prime 
diffraction pattern. This confirms forma- 
tion ‘of beta prime directly from the alpha 
solid solution. The hardening of alloys 
in this area mentioned by Corson‘ is 
due probably to the precipitation of 
beta prime. 

The stabilizing effect of manganese 
on the beta phase continues to decrease at 
these lower temperatures, and more of the 
alpha-beta field is replaced by alpha 
plus beta prime. 


SUMMARY 


The isothermal sections of Figs. 4 
to 8, inclusive, in which the phase fields 
for the respective temperatures have 
been outlined, are in themselves a summary 
of this investigation. The alpha solid 
solution area of this system has been 
definitely placed for temperatures ranging 
from 400° to 850°C with up to 50 per cent 
Mn. While some information concerning 
the adjacent fields has been given, it is 
quite clear that additional research will be 
required to position certain of these phase 
boundaries, particularly at the lower 
temperatures. 
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Copper-manganese-aluminum Alloys—Properties of Wrought 
Alpha Solid Solution Alloys 


By R. S. Dran,* J. R. Lone,t anp T. R. Granam,t Mempers AIME 


(New York Meeting, March 1947) 


ALTHOUGH considerable information has 
been published concerning manganese addi- 
tions to the aluminum bronzes, these data 
refer principally to the two-phase alloys 
containing 8 to 11 pct aluminum, with 


_ some incidental information on the single- 


phase alpha solid solution alloys. Strauss! 
gives an excellent review of the literature 
on aluminum bronzes up to 1927 and a 
bulletin? of the Copper Development 
Association brings the bibliography up to 
1938. The most extensive work on manga- 
nese addition is that of Rosenhain and 
Lantsberry,’ who investigated alloys rang- 
ing up to to pct aluminum and up to 10 
pct manganese, and presented data on the 
physical properties of sand-cast, chill-cast, 
and several wrought alloys. The greater 


portion of the work, however, concerns 


alloys ranging from 7 to 10 pct aluminum 
in the cast condition and sheds little light 
on the properties of wrought single-phase 


alloys. Corson‘ notes that alloys containing 


10 pct manganese and 4 pct aluminum are 


not hardenable by heat-treatment, while 


‘one with 15 pct manganese and 5 pct 


- aluminum can be hardened, but he gives no 
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Bureau of Mines, U. S. Department of the 


Pot. | 


Interior. Manuscript received at the office of 
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Intermountain Experiment Station, Salt Lake 
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1 References are at the end of the paper. 
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tensile data on it. In fact,-no systematic 
study of the properties of single-phase 
wrought alloys containing substantial 
amounts of manganese has been reported. 
It should also be noted that most of the 
investigators worked with alloys containing 
significant amounts of iron and silicon, and 
that these impurities, whether intention- 
ally added or accrued from the raw mater- 
ials used in the preparation of the alloys, 
may be expected to have a direct bearing 
on the resultant properties. 

In the work on alloys made with elec- 
trolytic manganese, the Bureau of Mines 
has undertaken an investigation of the 
copper-manganese-aluminum system for 
the purpose of establishing the constitution 
and properties of high-purity alloys. 

In a recent paper® the authors reported a 
metallographic investigation of the alpha 
solid solution area and the adjoining fields 
of the copper-manganese-aluminum system 
up to 50 pct manganese. This study estab- 
lished the alpha-phase boundaries at 50° 
temperature levels from 400° to 850°C. It 
was found that the addition of manganese 
to copper-aluminum alloys decreases the 
solubility of aluminum in the alpha phase 
(Fig 1), curving the boundary toward the 
copper-manganese base line. The greatest 
change occurs in the first 20 to 25 pct 
manganese, which decreases the solubility 
of aluminum to approximately 4 pct. With 
larger amounts of manganese the alpha 
boundary tends to parallel the copper- 
manganese binary. At 1300°F and higher, 
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the alpha solid solution is capable of dis- 
solving in excess of so pct manganese. The 
solubility of manganese decreases to be- 
tween 30 and 43 pct at 1200°F, depending 
on the aluminum content. With lower tem- 
peratures, the field is restricted still further 
by decreasing solubility of manganese. 
This paper reports the properties of 
alloys in the solid solution area of the 
system for compositions up to 50 pct 
manganese. Data are presented for cold- 
worked material (60 pct reduction by cold- 
rolling) and for material annealed at two 
temperatures (1300° and 1200°F). 


PRESENT WORK 


The composition of the alloys for this 
work are given in Table 1. As the details of 
their preparation and preliminary fabri- 
cation have been described,® it is sufficient 
here to call attention to the practical 
absence of silicon and the very low iron 
contents of the majority of the alloys. 
Only a few have more than 0.03 pct iron, 
and these do not fall in critical zones as far 


-as microstructures or properties are con- 


y 


cerned. Two of the alloys have unusually 
high iron contents, one with o.11 and the 
other with 0.15 pct, but are nevertheless 
included, since their properties are con- 
sistent with those of the surrounding low- 


iron alloys. 


__ All alloys were processed by cold-rolling, 
with intermediate annealing at 1200°F, 


and finished into 144 in. sheet with 60 pct 
cold reduction. Tensile properties were 


’ 


‘determined on the alloys as cold-rolled, 


and as annealed for 1 hr at 1200° and 
1300°F, using standard sheet specimens 


0.500 in. wide. Heating to 1200°F and 


oi 
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-water-quenching keep most of the alloys 


‘ _ single-phase, but permit precipitation of 


manganese in a few, thus giving a means 
of evaluating the effect of this on the 
_ properties. Annealing at 1300°F and water- 
quenching put the maximum number of 
_alloys in the single-phase state and allow 
a comparison to be made to the effects of 


gi 


manganese on the properties of the alpha 
solid solution in alloys containing as much 
as 50 pct manganese. At higher annealing 


TABLE 1—Chemical Composition of Alloys 


PER CENT 
ALY loiGusile Ma lrcate jo Fe Si 
87 86.2 6.4 7% 0.02 <0.005 
88 84.1 8.3 7)..0) 0.022 <0.005 
8955) | 637001" LOn0 aol 0.02 <0.005 
90 83.4 | 10.4 6. F5 0.017 <0.005 
fob 81.0.) 22.75 | 6.1% 0.018 <0.005 
92 79.0 | 14.8 6.1 0.018 <0.005 
93 76.8) ¥7 851.) 3.05 0.017 <0.005 
94 98i4° |. 29.6 air 0.015 <0.005 
95 7520.) 22,05 %\.:3'.85 0.016 <0.005 
96 7310, | 22.0 3.85 0.017 <0.005 
97 FES 24 9 3.85 0.016 <0.005 
99 66.3 | 30.0 S07 0.017 <0-005 
00 O1sO 4.34 50, 3.85 0.015 <0.005 
OL BOns | sOn 7 3.8 0.017 <0.005 
02 GPa Wie totes 5 2.8 0.015 <0.005 
03 FOO s2iie DS ln feo 0.015 <0.005 
04 64.6 | 32.5 2.95 0.019 |<0.005 
05 59.8 | 37.4 2.85 0.016 <0.005 
06 55.57) 42.45 | 2.35 0.019 <0.005 
07 54.0 | 43.7 2.45 0.055 |<0.005 
08 FONT | 2820 I.45 0.075 <0.005 
10 (ONG Yogee  eiie - £0 0.030 <0.005 
12 56.0 | 42.3 ripe 0.110 <0.005 
13 68.5 | 29.6 I.95 0.070 <0.005 
19 54.2 | 45.5 0.42 0.150 <0.005 
2I 49.2 | 49.8 0.65 0.070 <0.005 
22 61.0 | 36.5 2.4 0.030 <0.005 
25 88.0 3.0 8.75 0.026 <0.005 
26 86.3 5.4 8.10 0.050 <0.005 
28 Sa 2204: pag | 0.017 <0.005 
30 72.6 | 26.0 I.50 0.027 <0.005 
31 69.0 | 27.0 3.70 0.033 <0.005 
32 51.5 | 44.3 3.95 0.024 | <0.005 
34 95.0 2.7 2.3 0.012 <0.005 
35 92.0 52 i » 4.9 0.019 <0.005 
36 89.6 320 7.4 0.015 <0.005 
37 92.5 4.9 2.4) 0.015 <0.005 
38 89.4 5.5 5.1 0.016 |<0.005 
40 86.8 8.1 4.9 0.019 <0.005 
41 89.8 G fats | 25) 0.014 <0.005 
42 84.2 | 10.7 5.1 0.015 <0.005 
43 84.5 | 12.9 2.55 0.014 <0.005 
44 O1.0) | ts. 2 5.0 0.017 <0.005 
45 82.5 | 15.0 2.5 0.014 <0.005 
46 79.4] 15.6 5.0 0.017 <0.005 
A7 80.0 | 17.4 2.6 0.017 | <0.005 
48 717.5 | 20.0 2.5 0.017 | <0.005 
B-43 95.2 Avy 0.020 | 0.010 | <0.005 
B-46 90.0 | 10.0 0.037 | 0.0094 | <0.005 
B-49 84.0 | 16.0 0.037 | 0.010 | <0.005 
B-51 80.0 | 20.0 0.039 | 0.013. | <0.005 
B-53 76.0 | 24.0 0.030 | 0.011 <0.005 
B-56 69.6-} 30.4 0.030 | 0.010 |<0.005 
B-58 66.0 | 34.0 0.001 | 0.016 <0.005 
B-61 60.8 | 39.1 0.013 | 0.013 <0.005 


temperatures the extent of the alpha field 
is considerably reduced by the alpha + 
beta boundary moving downward toward 
the copper-manganese base line with in- 
creasing temperature, and therefore a 
larger number of these alloys would fall 
into the alpha + beta field, an area be- 
yond the scope of the present work. 


g2 COPPER-MANGANESE-ALUMINUM ALLOYS 


The data (averages of the results on five 
specimens) are plotted on ternary coordi- 
nates corresponding to the composition of 
the alloys and iso-property lines have been 
drawn so that the influence of chemical 
composition on the various properties can 
be readily appreciated. Since all specimens 
were quenched from the annealing tem- 
perature, the phase boundaries for these 
temperatures are reproduced as dashed lines 
on the respective graphs, to assist in corre- 
lating the property contours with the 
constitution of the alloys. The phase 
boundaries on the charts of the cold- 
worked material are 1200°F boundaries 
and are pertinent to the data, since the 
material was quenched from 1200°F prior 
to the cold-rolling. The charts for annealed 
material are paired to facilitate com- 
parison of the individual properties at both 
temperatures. Thus any differences brought 
about by the presence of manganese in the 
high-manganese alloys (annealed at 1200°F) 
may be readily evaluated by reference to 
the properties obtained in the same alloys 
(annealed at 1300°F) and thus single phase. 
Since this discussion is concerned primarily 
with solid solution alloys, the properties of 
the alloys as annealed at 1300°F will be 
considered first. 


PROPERTIES OF ALLOYS ANNEALED AT 
1300°F 


Tensile-strength contours in Fig 2, for 
material annealed at 1300°F, substantially 
parallel the alpha-phase boundary with low 
manganese contents and curve downward 
to the copper-manganese base line with in- 
creasing manganese. This trend is best 
illustrated by the 65,0o00-psi contour, which 
lies very close to the alpha-phase boundary 
with manganese contents up to 25 or 30 pct, 
and at higher manganese drifts down to the 
base line, intersecting it at 45 pct manga- 
nese. The rate of change of strength with 
variation in composition, as indicated by 
the narrow spacing of the contours parallel 
to the lines of constant manganese, and the 
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relatively large spacing parallel to the lines 
of constant aluminum, show that aluminum 
plays the dominant role in controlling the 
strength of the single-phase solid solution 
alloys. Extrapolation of the tensile-strength 
contours to zero per cent manganese per- 
mits an evaluation of the strengthening 
effect of the two metals on copper. The 
55,000-psi contour runs from 5 pct alumi- 
num with zero manganese to 25 pct manga- _ 
nese with zero aluminum, and the ~ 
65,000-psi contour extends from about 9 
pet aluminum with zero manganese to 45 
pet manganese with zero aluminum; from 
these it is evident that aluminum is 
approximately five times as effective as 
manganese in strengthening copper. 

The few alloys in the alpha + beta field 
at this temperature indicate that aluminum 
has an even greater effect on the strength 
of the two-phase alloys. Since the two- 
phase field is quite narrow, small increases 
in aluminum content produce relatively 
large increases in the amount of the beta 
phase present, and rapid increases in ten- 
sile strength. Although data are available 
for only a limited number of alpha + beta 
alloys, it is also evident that in those con- 
taining the same amounts of beta phase 
(as judged by their relative position within 
the two-phase field) some increase of 
strength occurs with increasing manganese. 
The 70,000 and 75,000-psi contours, if 
drawn on the basis of the present data, 
would be positioned quite close to the 
65,000-psi line up to approximately 25 pct 
manganese and would not deviate greatly 
from the alpha + beta phase boundary 
until considerably more than 50 pct manga- 
nese was present. It is obvious, therefore, 
that compositions within the alpha + beta 
field and those in the near vicinity of the 
alpha boundary are affected more by small 
variations in aluminum content than by 
large changes in percentage of manganese. 

The yield strengths (0.2 pct offset) of — 
material annealed at 1300°F are plotted in — 
Fig 3 and show the same general trends as _ 
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the tensile strength. Variation in spacing of 
the contours with respect to the copper- 
aluminum and the copper-manganese bi- 
naries again shows that aluminum is more 
effective than manganese in determining 
the yield strength of the solid solution 
alloys. However, the difference is not quite 
as great as the ratio noted for the tensile 
strengths. This can be seen in a comparison 
of the compositions of copper-aluminum 
and copper-manganese alloys of equal 
yield strengths; that is, a 4 pct aluminum 
alloy and a 16 pct manganese alloy both 
have yield strengths of 15,000 psi and a 
7 pet aluminum alloy and a 28 pct manga- 
nese alloy have yield strengths of 20,000 
psi, indicating aluminum to be only four 
times as effective as manganese. 

The proportional limits, corresponding 
to o.o1 pct offset from the modulus line, 
are given in Fig 4 and again emphasize the 
greater strengthening effect of aluminum 
in the solid solution alloys. It should be 
noted, however, that the range of com- 
positions of single-phase alloys, showing 
proportional limits of 15,000 psi or more, is 
restricted to alloys with manganese con- 
tents in excess of 20 pct. With less manga- 
nese the 15,000-psi contour coincides with 
or crosses the alpha + beta boundary. 
Thus single-phase alloys, with proportional 
limits in excess of 15,000 psi, can be readily 


~ obtained over a considerable range of 


aluminum contents if the manganese is 
greater than 20 pct; alloys having the same 
proportional limits at lower manganese con- 
tents fall in the two-phase alpha-t beta field. 

Of the various strength properties, the 


proportional limit is the least altered by 


variations in.composition. This relation- 
ship within the solid solution area becomes 


. quite apparent in a comparison of the con- 
tours in the respective figures for the 


individual properties. For example, increas- 


ing aluminum in copper from 4 to 9 pet 


increases the proportional limit 5000 psi, 


while the yield strength increases 10,000 


and the tensile strength 15,000 psi. The 
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same order of strength increases is obtained 
by increasing the manganese in copper from 
20 to 4o pct. The highest elongation (more 
than 60 pct in 2 in.) occurs in the com- 
position range of 5 to 9 pct aluminum and 
up to about 7.5 pct manganese, as shown in 
Fig 5. However, the 50 pct elongation 
contours, extending from 5 pct aluminum 
to 20 pct manganese and from 9g pct alumi- 
num to 38 pct manganese, show a broad 
range of alloy compositions having elon- 
gations of 50 pct and above. In a distinct 
contrast to the brittleness previously re- 
ported in alloys made with impure grades 
of manganese, these data show that alloys 
containing as much as 45 to 50 pct manga- 
nese possess elongations in the order of 40 
pct when annealed under these conditions. 

The Rockwell B hardness contours for 
the 1300°F annealed material are given in 
Fig 6 and show the tendency of aluminum 
to raise the hardness of copper at a faster 
rate than equal amounts of manganese. 
More than 20 pct manganese is necessary 
to give hardness values of B-20, while only 
3.5 pct aluminum is required to exceed this 
value. However, subsequent manganese 
increases are more effective, and while the 
maximum hardness attained in single- 
phase copper-aluminum alloys is B-4o, a 
hardness of B-50 or above is reached with 
45 pct manganese in copper. A hardness of 
B-50 is also reached with manganese con- 
tents above 30 pct and aluminum contents 
of about 3 pct; at higher manganese this 
value may be.attained with lower aluminum 
contents. 

It should be emphasized that the proper- 
ties given are the result of heating the 
cold-worked alloys to 1300°F for 1 hr and 
quenching in water from this temperature. 
Quenching of the higher manganese alloys 
is essential to prevent precipitation of 
manganese, the presence of which has a 
decided effect on the hardness and on the 
other properties, as will be discussed later. 
When the alloys are maintained in the 
single-phase state, the highest hardness 
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levels are reached at high manganese con- 
tents; for example, a hardness of Rockwell 
B-60 with a tensile strength of 65,000 to 
70,000 psi, a yield strength of 30,000 psi, a 
proportional limit of 18,000 to 20,000 psi 
and an elongation of 4o pct in 2 in. can be 
obtained in an alloy containing about 2.5 
pet aluminum with 42.5 pct manganese. 
This combination of properties, particularly 
the high hardness and strength, is not 
attainable in the binary single-phase cop- 
per-aluminum alloys. Furthermore, in the 
composition zone indicated small vari- 
ations in composition would have but little 
effect on the properties as long as the 
alloys are quenched from the annealing 
temperature. 

Alloys of greater elongation with high 
proportional limit can also be obtained in 
the composition range of 20 to 30 pct 
manganese with 4 to 4.5 pct aluminum. 
Such alloys would have a hardness of B-45 
to B-s0, 60,000 to 65,000 psi tensile 
strength, 20,000 to 25,000 psi yield strength, 
and 15,000 to 16,000 psi proportional limit 
with 50 pct elongation. 


PROPERTIES OF ALLOYS ANNEALED AT 
1200°F 


The tensile strengths for alloys annealed 


‘at 1200°F are plotted in Fig 2. The 


iso-strength contours follow a pattern 
similar to that of the material annealed at 
1300°F, but several differences are intro- 
duced by structural changes associated 
with the lower annealing temperature. The 


tensile strengths of alloys within the alpha 
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solid solution area are slightly higher, and 
the alloys in the alpha + beta field show 
lower strengths, but the most significant 
change occurs in the alloys containing 
manganese in excess of the solubility at 
this temperature. Their strengths are con- 
siderably higher and show rapid strength 


increase as the manganese increases. 


The higher tensile strengths of the single- 
phase alloys are, of course, due to the 
smaller grain sizes obtained on annealing at 
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1200°F as compared with that produced on 
treating at 1300°F. It is apparent, how- 
ever, that at any given aluminum content 
the high-manganese alloys show greater 
differences than the low-manganese alloys. 
This trend is in agreement with available 
data on the annealing characteristics of the 
binary alloys; that is, annealing curves? for 
an alloy of 7 pct aluminum in copper show 
only a relatively small decrease in strength 
with increasing annealing temperature 
beyond the recrystallization range, while 
similar data for copper-manganese alloys® 
show continued decrease of strength with 
increasing annealing temperature. This 
behavior is also reflected in the relative 
positions of the contours for the two anneal- 
ing temperatures. The iso-strength lines for 
the 1200°F anneal are closer to the copper 
corner of the diagram, and the change from 
the position at 1300°F is much more signifi- 
cant with respect to the manganese content 
than with the aluminum content. Maxi- 
mum strengths of single-phase alloys occur 
at manganese contents greater than 25 pct 
and in areas close to the alpha boundary, 
as shown by the 75,o00-psi contour line 
paralleling the boundary from 25 to 42.5 
pct manganese. 

The compositions falling within the 
alpha + beta field show lower tensile 
strengths on annealing at 1200°F than on 
annealing at 1300°F. This behavior un- 
doubtedly is caused by the greater solu- 
bility of aluminum in the alpha field at the 
lower temperature, thus moving the alpha- 
phase boundary upward and decreasing the 
amount of the beta phase present. The 
alloys therefore lie closer to the alpha line, 
and, from the previous discussion of the 
relationship between strength and com 
position of these alloys annealed at 1 300°F, 
it is evident that the amount of the beta 
present is the controlling factor and the 
alloys having less beta necessarily have 
lower strengths. The borderline alloys have 
tensile strengths in the order of 70,000 psi, 
indicating that the extension of the 75,000 


Too 


psi iso-strength line would lie well inside 
the alpha + beta field at low manganese 
contents. 

Alloys containing more manganese than 
can be held in solution at 1200°F have, 
after annealing at this temperature, tensile 
strengths 15,000 to 30,000 psi greater than 
after annealing at 1300°F. These higher 
strengths are due to smaller grain sizes 
caused by the presence of small particles of 
manganese and to the strengthening effect 
of these particles embedded in the alpha 
grains. It is evident from the treatment 
given these alloys that aging phenomena 


are not responsible for the high strengths - 


developed. After the initial hot-rolling of 
the ingots, all of these alloys were annealed 
at 1200°F prior to’cold-rolling and _ re- 
annealed at this temperature at least three 
times in the course of working down to the 
finished sizes. The excess manganese, there- 
fore, could not have been in solution to 
bring about hardening by an aging process, 
and the high strength must be attributed 
to the fine-grained alpha solution enhanced 
by the presence of small manganese par- 
ticles. This point is significant because these 
strengths, while not unique in nonferrous 
alloys, are nevertheless high enough to 
warrant more detailed study, and it is 
quite probable that they may be increased 
even further by proper solution and aging 
treatments. Within the limits of the data, 
the strength appears to increase rapidly 
with increasing manganese, reaching values 
in excess of 95,000 psi in alloys containing 
7 and 8 pct manganese beyond the solu- 
bility limit. 

The variations of yield strength and 
proportional limit with composition of the 
alloys annealed at 1200°F are shown in 
Figs 4 and 5, in which the lines of constant 
strength follow the same general trends as 
noted for the tensile strength. These 
properties, however, are somewhat less 
responsive to the structural changes 
brought about by annealing at this tem- 
perature. Comparisons based on alloys 
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containing 2.5 pct aluminum show that the 
magnitudes of the increases in strength 
in the alpha solid solution area, and in the 
alpha-+-manganese area, are smaller; the 
proportional limit is the least affected. 
The maximum yield strength obtained in 
the alpha solid solution alloys is 30,000 psi 
and the maximum proportional limit 20,000 
psi. These two contour lines closely parallel 
the alpha-phase boundary for manganese 
contents greater than 25 pct. In thealpha+ 
manganese field, yield strengths in excess 
of 50,000 psi and proportional limits in the 
order of 40,000 psi are obtained. These 
values are approximately 20,000 psi higher 
than observed in the same alloys annealed 
at 1300°F. 

The elongation of the various alloys 
annealed at 1200°F, given in Fig 5, shows 
approximately the same composition area 
possessing elongations in excess of 60 pct, 
as was observed for the 1300°F anneal, and 
a smaller area for those possessing over 50 
pct elongation. However, essentially all 
compositions within the alpha area showed 
elongations greater than 45 pct in 2 in. 
Those alloys containing manganese as a 
second phase are less ductile, the elongation 
values decreasing to 20 pct and less in alloys 
containing 45 to 50 pct manganese. 

The Rockwell B hardness data of Fig 6, 
for material annealed at 1200°F, show the 
contours following the same general pat- 
tern of more or less paralleling the alpha 
boundary and rapid increases in hardness 


for those compositions in the alpha+. 


manganese field. The highest hardness 
values of the single-phase alloys are B-60 
for alloys containing more than 20 pet 
manganese. Alloys within the alpha+ 
manganese field reach a hardness of B-80 
to go in the range of 40 to 50 pct manganse. 


PROPERTIES OF COLD-ROLLED ALLOYS 

The properties of the alloys in the cold- 
rolled condition are presented in Figs 7, 8, 
and 9g. As previously noted, all the alloys 
were processed by cold-rolling, with inter- 
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mediate annealing at 1200°F, and finished 
into }¥ ,-in. sheet with 60 pct cold reduction 
in thickness. The properties therefore are 
those corresponding to the 1200°F anneal 
modified by the cold-working. All these 
alloys were readily cold-worked, with the 
single exception of alloy No. 32, which 
contained 3.95 pct Aland 44.3 pct Mn. This 
composition has a large amount of the 
manganese phase present on annealing at 
1200°F, and, as will be noted in Fig 5, had 
an elongation of only 14.8 pct. In the initial 
rolling, this alloy showed excessive end 
splitting and was dropped from this series. 
However, after annealing at 1 300°F it could 
be easily cold-rolled, and the other data for 
the alloy were obtained on material so 
treated. 

The tensile and yield strengths of the 
cold-worked alloys are given in Fig 7: The 
iso-strength lines show the tensile strength 
to vary between 100,000 to 120,000 psi and 
the yield strength from 90,000 to 120,000 
psi, with surprisingly little variation as the 
manganese content increases. A comparison 
of these data with the properties corre- 
sponding to the annealed condition (1200°- 
F) shows that the high-manganese alloys 

‘increase in strength to a lesser extent than 
the low-manganese alloys and that the 
aluminum content is the primary control- 
ling factor. The tensile strengths of alloys 
containing less than 20 pct manganese are 
doubled by the cold-working, while higher 
~ manganese alloys are not increased to the 
same extent. The strengths of alloys in the 
alpha+ manganese fields increase only 20 
to 30 pct. The alloys in the alpha-+ beta 
field developed up to 140,000 psi tensile 
“strength and up to 129,000 psi yield 
strength. The alloys in the alpha+man- 
ganese field are apparently unaffected by 
the presence of the precipitated manga- 
nese, their strengths being determined by 
aluminum. 7 

The proportional limit (Fig 8) shows 

more variation with manganese content 


60% REDUCTION 


MANGANESE 


Fic 9o—RocKWELL C HARDNESS FORT), g-INCH SHEET STOCK COLD-ROLLED 60 PCT REDUCTION IN THICKNESS. 


PERCENT 


S 
op) 
ep) 
uJ 
Zz 
a 
et 
=< 
a 
a) 
z 
e) 
o 


SHEET STOCK COLD-ROLLED 


i 
a 
$ 
E 


| of the alloys than do the yield and tensile 


104 


strengths. Maximum proportional limit 
attained in the alpha solid-solution alloys 
is 88,000 psi. 

The elongation of the alloys after cold- 
rolling 60 pct is plotted in Fig 8, but be- 
cause of the small variations of elongation 
with composition, no iso-property lines 
are drawn. Most of the alloys have between 
3 and 5 pct elongation. The Rockwell C 
hardnesses are plotted in Fig 9. While some 
of the alloys, particularly the copper- 
manganese and the low-aluminum, low- 
manganese alloys, have hardnesses lower 
than normally would be measured on this 
scale, they are reported nevertheless on the 
C scale in order to avoid confusion. As in 
the case of the strength properties, alumi- 
num is the principal hardening element, 
and the iso-hardness curve for C-20 is 
roughly equidistant from the . copper- 
manganese base line and the alpha bound- 
ary up to 45 pct manganese. The line for 
constant hardness of C-25 has not been 
placed in Fig 9, but it would follow the 
alpha boundary up to 35 pct manganese 
and then extend across the alpha plus 
manganese field. 


SUMMARY 


Physical properties of wrought alpha 
solid solution alloys in the copper-manga- 
nese-aluminum system, containing up to 
50 pct manganese, have been determined 
for }4,-in. sheet in the cold-rolled condi- 
tion and as annealed at 1200° and 1300°F. 
The data are summarized in ternary charts 


in which iso-property lines have been drawn - 


to show the general trends of properties 
with composition. The strength of the 
alloys are primarily controlled by the 
aluminum content, this element being 
roughly 4 to 5 times as effective as manga- 
nese. However, when more than 25 to 30 
pct manganese is present, strength and 
hardness in excess of those of the binary 
copper-aluminum alloys can be obtained. 
Elongation decreases slowly with increasing 
manganese but is still excellent, with no 
indication of brittleness, up to 50 pct man- 
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ganese. Highest strength and hardness 
with good elongation are produced by 
annealing at 1200°F. 

A few of the alloys, single-phase at 
1300°F, lie in the alpha++manganese field 
at 1200°F and, because of restricted grain 
growth and the presence of small particles 
of the manganese phase, show high strength 
and hardness with moderate elongation 
when quenched from this temperature. 
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Copper-manganese-zinc Alloys—Physical Properties of Wrought 
Copper-rich Alloys 


By R. S. Dran,* J. R. Lonc,f MEMBERS AND T. R. GRAHAM,} JUNIOR MEMBER AIME 
(New York Meeting, March 1947) 


Fotrowinc the development of elec- 
trolytic manganese production by the 


_ Bureau of Mines, an extensive program 


was planned to study the character of 
this high-purity product and its possible 
utilization in various alloy combinations. 
Previous work reported in the literature 
concerning alloys containing substantial 
amounts of manganese dealt largely with 
material prepared from relatively impure 
grades of the metal, and in many instances 
the impurities thus introduced did not 
permit true evaluation of manganese as an 
alloying element. 

One phase of the Bureau’s program 
included a general review of the system 
and the establishment of the physical 
properties of copper-manganese-zinc alloys, 
using electrolytic manganese, and with 


particular emphasis directed to com- 
positions within the alpha solid solution 


area.'A number of reports of the work on 
alloys in this system, giving specific 
data concerning the equilibrium system 
and some of its alloys, have already been 
published. One study? established the 
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alpha solid solution area at various 
temperature levels and composition ranges 
up to 50 pct manganese. Other investiga- 
tion reports presented the properties of 
selected alloys; namely, a 65 pct copper, 
ro pct manganese, 25 pct zinc alloys;? 
a sensibly white manganese brass com- 
posed of 70 pct copper, 20 pct manganese, 
ro pet zinc,? and a series of alloys with a 
constant copper content of 60 pct and 
5 to 25 pct manganese, balance zinc.* 
In these reports tensile properties as 
influenced by cold-working and sub- 
sequent annealing were given in detail. 
Additional data are now available 
on other alloys of the alpha region up 
to so pct manganese, and these, together 
with previously published information, 
are sufficiently complete to establish 
the relationship between properties and 
composition for this portion of the ternary 
system. The present report is a summary 
of the tensile properties of wrought alloys 


- in the form of sheet and rod stock. The 


summary is necessarily limited to data 
for only one condition of cold-work and a 
single annealing temperature, since a 
complete exposition of all the data available 
would be too extensive for this presenta- 
tion. Nevertheless, it is possible to make 
a reasonable approximation of the tensile 
properties in other conditions of cold- 
working and annealing by a correlation 
of the data previously presented on 
specific alloys and the data given here. 
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PRESENT WORK 


The preparation and fabrication of 
the alloys for this work were carried 
_ out in substantially the same manner 
as described in previous reports. The raw 
materials—electrolytic manganese, wire- 
bar copper, and electrolytic zinc—with 
the melting practice followed, produced 
ingots with only small amounts of iron, 
silicon and aluminum as impurities. Analy- 
sis of the individual alloys showed a maxi- 
mum of 0.02 pct iron, with the majority 
containing less than 0.01, while the silicon 
content was reported as nil or less than 
0.005 pct. The use of aluminum, which 
intentionally was added as a deoxidant, 
was regulated to produce not more than 
0.05 pct residual aluminum in the alloys. 

The rod stock was prepared from 
2-In. square ingots by forging and hot- 
rolling at 1300°F, reheating between 
passes to maintain the alloys at the working 
temperature. The hot-working was con- 
tinued to the size required to finish into 
3g-in square rod with 60 pct reduction 
in area by cold-rolling. 

The sheet stock was prepared from 
slab ingots, approximately 314 in. wide 
by 1 in. thick, and hot-rolled at 1300°F * 
reheating between passes to maintain 
the alloy at this rolling temperature. The 
hot-rolling was stopped when the slab 
had been reduced to 0.625 in. in thickness, 
and subsequent working, accomplished 
by cold-rolling, ended with sheet 6 in. 
thick with 60 pct cold reduction. This 
required several intermediate anneals, 
which were scheduled so that the material 
was annealed in each case after receiving 
approximately 60 pct cold reduction, 
The annealing consisted of heating for 
one hour at 1200°F and water-quenching, 

The properties of rod stock were deter- 
mined on specimens of 1.25-in. gauge 
length and o0.314-in. diameter, machined 
from square stock. The proportions of 
these specimens, necessary to conserve 
stock and to get the range of cold-working 
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required, were taken from the recom- 
mendations of Templin.5 The properties 
for sheet were obtained on 1¥¢-in. stock 
machined into standard o.5-in. wide 
specimens, with a 4-in. gauge length. 
Stress-strain relationships and percentage 
elongation of these were determined on 
2-in. gauge length. 

The observed data are plotted on ternary 
coordinates corresponding to the com- 
position of the alloys. Iso-property lines 
were drawn through these points to 
represent graphically the general trends 
of properties with variation in com- 
position, and at the same time to reflect 
the experimental data as accurately as 
possible. In a few cases these aims were 
not compatible and irregularities in the 
data, if closely followed, would have 
produced distortion in the curves, which 
should be reasonably smooth and regular 
in the single-phase, solid solution area 
of the system. Where the property values 
for an individual alloy were not in agree- 
ment with similar data of neighboring 
alloys, these anomalies were discounted 
and greater weight was given to the data 
of the surrounding compositions. An 
example of this is seen in Fig 1, where 
the tensile strength of the alloy con- 
taining 15 pct manganese, 85 pct copper, 
and o pct zinc, and that of the alloy 
containing 35 pct manganese, 60 pet 
copper, and 5 pct zinc are somewhat 
lower than would be expected from the 
surrounding alloys. To give full weight 
to these values would distort the iso- 
tensile-strength lines, therefore they were 
given much less weight than those of 
their neighbors. This method of plotting 
affords a concise means of presenting the 
data and the iso-property lines give an 
over-all picture of the alloys under in- 
vestigation. The boundaries of the alpha 
and beta phases for the annealing tem- 
peratures used are also shown by dashed 
lines on the various graphs to permit a 
correlation of the property ‘contours 
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with the phase or phases existing in the 
alloys. 

It should be noted at the outset that 
any comparison between data on the rod 


107 


according to the nominal composition 
of the alloys, since the actual chemical 
analyses did not vary more than o.5 to 
1 pct from the nominal composition. The 
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_ Fic 1—TENSILE STRENGTH OF ROD STOCK ANNEALED AT 1300°F, THOUSANDS OF POUNDS PER 


SQUARE INCH. 


and sheet stock in. the annealed or cold- 
worked condition must include a con- 
sideration of the two forms of the material 
tested, and of the two different annealing 
involved. The rod_ stock 
1300°F and _ water- 


was annealed at 


quenched, whereas the sheet stock was 


annealed for one hour at 1200°F and 
water-quenched, thus such factors as 
grain size and position of the phase 
boundaries for the respective temperatures 
are superimposed on the basic difference 
due to the form of test specimens. 


Data on Rop Stock 


Figs t to 3 show the tensile strength, 
yield strength, and elongation for the 
annealed rod stock. The data are plotted 


tensile-strength curves of Fig 1 show very 
definite trends, indicating that manganese 
has a much greater effect in strengthening 
copper than does zinc. The data for copper- 
zinc alloys show an increase in strength of 
about soo psi for each one per cent zinc up 
to 30 pct. This rate of increase is in good 
agreement with other published data on 
the biasses. Copper-manganese alloys, 
however, show an increase of approxi- 
mately 1000 lb for each one per cent man- 
ganese up to 35 pct, and this rate of in- 
crease is maintained in the ternary alloys 
containing up to 15 or 20 pct zinc. The 
course of the iso-tensile-strength curves - 
parallel to the lines of constant manganese 
suggest that in this range of composition 
zinc contributes very little to the strength 
and in effect merely acts to replace copper. 
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As the zinc content is further increased 
it begins to play a more important role, and 
the curves bend toward the copper-zinc side 
of the diagram, approaching it in a manner 
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not parallel to the tensile-strength curves 
but nevertheless show the same general 
trends. Increase of yield strength with in- 
creasing manganese content is not as great 
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that shows a general equivalence of man- 


ganese and zinc as far as strength is con- 


cerned. This change can be attributed to 


- the introduction of the beta solution, and 


the curves accordingly are drawn parallel 
to the boundaries of the alpha plus beta 


ei field. The tensile-strength curves for sheet 
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stock, to be discussed later, present more 
data on alloys in the two-phase field and 
further support this view. The maximum 
strength of 70,000 psi in the alpha solid 
solution alloys occurs in the range of 30 to 
35 pct manganese and up to 15 pct zinc. 


This is a very substantial increase over the 
be 


40,000 to 45,000 psi of the single-phase, 
binary copper-zinc alloys. 
The yield-strength contours, correspond- 


_ ing to 0.2 pet offset as given in Fig 2, are 


as the increase of tensile strength, but 
when the magnitude of the values involved 
are considered it is quite apparent that 
manganese has an even greater effect on the 
yield strength of the ternary alloys. The 
30,000-psi yield strength for compositions 
exhibiting the highest tensile strength is 
two to three times that of the brasses. 
The elongation (Fig 3) decreases with 
increasing strength but, considering the 
range of yield and tensile strengths covered, 
does not fall off very rapidly, and in no 
case is less than 4o to 45 pct for alloys lying 
within the alpha region. For any given 
manganese content, compositions high in 
zinc have a higher elongation than those 
low in zinc. Thus, while zinc does not ap- 
pear to have a great effect on the strength 
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of single-phase alloys, it does improve their 
ductility. Alloys in the high strength range 
show an elongation of about 45 pct com- 
pared with 70 or 75 pct for the alpha 
brasses. 


ZN ae o 
cee 


LALA 
CAAA AAL 


? 
PERCENT MANGANESE 


COPPER-MANGANESE-ZINC ALLOYS 


of the low-zinc, low-manganese alloys in- 
creases from 40,000 psi for the annealed 
condition to 70,000 psi with 60 pct reduc- 
tion, while alloys containing 30 to 35 pct 
manganese with 5 to 15 pct zinc increase 
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Fic 5—YIELD STRENGTH (0.2 OFFSET) OF COLD-ROLLED ROD (60 PER CENT REDUCTION IN AREA), 
THOUSANDS OF POUNDS PER SQUARE INCH. 


The observed properties for rod, cold- 
rolled to 60 pct reduction from the annealed 
condition, are presented in Figs 4, 5, and 6. 
The alpha plus beta boundaries are also 
shown in these graphs, since, prior to cold- 
rolling, the rods were annealed for one hour 
at 1300°F and water-quenched. 

The tensile-strength curves of the cold- 
worked alloys (Fig 4) possess a shape 
slightly different from those of the annealed 
material and in general indicate that in this 
condition zinc plays a more important role 
in affecting the strength. In the single- 
phase alloys, the strength increases with 
increasing manganese and zinc, although 
the strengthening influence of manganese 
is still predominant. The tensile strength 


from 70,090 psi in the annealed state to 
115,000 psi for the same amount of work- 
ing. For alloys in the two-phase region, 
the strength curves again tend to parallel 
the alpha-beta boundaries and indicate 
that manganese and zinc have approxi- 
mately equivalent effects. 

The iso-yield-strength values for 0.2 pet 
offset (Fig 5) are in general agreement with 
the tensile-strength curves and exceed 
100,000 psi for single-phase alloys in the 
range of 25 to 35 pct manganese with zinc 
varying up to ro pct. The data also show 
that within the alpha range manganese is 
approximately two to three times as effec- 
tive as the zinc in increasing the yield 
strength of copper. 


mt eg 


a 


— 


ee ee 


a, ee 


R. S. DEAN, J. R. LONG AND T. R, GRAHAM 


The elongation of the 60 pct cold-worked 
rods (Fig 6) ranges from to to 15 pct, the 
highest values occurring in the range of o 
to 10 pct manganese with 5 to 20 pct zinc. 
The elongation, however, decreases very 
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study on rod stock, the range of composi- 
tions covered was essentially the same. 
With a few exceptions the characteristic 
trends of the variation of properties with 
composition for this sheet stock compare 
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Fic 6—PERCENTAGE ELONGATION (114-INCH GAUGE LENGTH)OF COLD-ROLLED ROD (60 PER CENT 
REDUCTION IN AREA.) 


slowly with increasing manganese and 


alloys in the highest strength area still 


- exhibit ro pct elongation for this amount 
of cold-working. 
DaTa ON SHEET STOCK 


: Tensile properties and hardness of the 
annealed sheet material are given in Figs 7 


: _ to ro. In this series of tests, data were not 
~ obtained for the binary copper-zinc alloys, 


therefore the iso-property contour lines are 
extrapolated to agree with data given by 
Wilkins and Bunn’ for similarly processed 
brasses. Although a number of composi- 
tions in the alpha plus beta area, and 
several high-manganese alloys that appear 
in these charts, were not included in the 


favorably with those noted in the rod 
material. 

The tensile-strength curves of Fig 7 
parallel the lines of constant manganese 
from the copper-manganese base line to 
very near the alpha plus beta boundary; 


‘there they veer toward the copper-zinc 


side, and become parallel to the lines of 
constant copper content within the alpha 
plus beta field. The spacing of the contours 
shows that small changes of composition 
produce large changes in strength in the 
two-phase alloys as compared with similar 
changes in composition of the single-phase 
alloys. As in the rod stock, zinc has little 
effect on the strength of the alloys as long 
as they are in the single-phase area, but 
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when both alpha and beta solid solutions 
are present, zinc apparently is equivalent 
to manganese in its contribution to the 
strength. This, of course, is affected by the 
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controlled by the manganese content of its 
alpha constituent; and since this is low 
compared with that of the second alloy, the 
strength is correspondingly low. 


PERCENT MANGANESE 


Fic 11—TENSILE STRENGTH OF COLD-ROLLED SHEET STOCK (60 PER CENT REDUCTION), THOUSANDS 
OF POUNDS PER SQUARE INCH, 


relative amounts of the alpha and beta 
phases present and by the compositions of 
these phases. Examples of such influence 
are seen in the following comparisons: A 5 
pct manganese, 35 pct zinc alloy, having a 
major amount of the beta phase present, 
has essentially the same strength (64 to 
67,000 psi) as a 25 pct manganese, 20 pct 
zinc alloy containing only a minor amount 
of beta, while a 15 pct manganese, 25 pct 
zine alloy, with a small amount of beta 
present, has a much lower strength (56,000 
psi) than either of the other two. The 
high strength of the first alloy is due to 
the relatively large amount of beta solu- 
tion in the structure, while the equally high 
strength of the second alloy is due to the 
high manganese content of the alpha phase. 
The strength of the third alloy likewise is 


The tensile data for alloys up to 20 pct 
manganese are in excellent agreement with 
the data on rod stock, but some differences 
occur at higher manganese content. These 
differences are small but definite and 
amount to shifting of the 60, 65, and 70,000- 
lb contours to higher manganese contents. 
Other than differences brought about by 
the two forms of test specimens, no expla- 
nation can be offered for the lower strength 


values of the sheet material compared . 


with those.of the rod stock. Alloys ranging 
from 30 to 40 pct manganese with up to 15 
pet zinc have a strength of 65,000 psi. The 
maximum strength of 69,000 psi was found 
in the 45 pct manganese, 5 pct zinc alloy. 
The yield-strength contours of Fig 8 ex- 
hibit the same trends as the tensile-strength 
curves of Fig 7. The yield strength of the 
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brasses is approximately one fourth of the 
tensile strength ‘or less, whereas the yield 
strength of the ternary alloys is one third of 
the tensile strength. With manganese con- 
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ganese. On either side of this ridge, the 
elongation decreases gradually to 40 or 42 
pet. The high-strength single-phase alloy 
(45 pct manganese, 5 pct zinc) has an 
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tents above 30 pct, the yield-strength: 
tensile-strength ratio is even greater. Fig 8 
also shows a. relatively wide composition 
_ range of alloys, extending from 8 to 25 pct 
_ manganese, with yield strengths of 15,000 
_ to 20,000 psi. Alloys containing 30 to 4o 
pet manganese have the maximum yield 
strength of approximately 25,000 psi. 
Differences in shape and gauge length 
of tensile specimens result in elongation 
- curves (Fig 9) for sheet stock that are 
materially different from those of the rod 
_ stock (Fig 3). The actual values are lower 
and vary from a minimum of 40 to a maxi- 
mum of 55 pct. Alloys with the maximum 
- elongation occur along a ridge running 
_ from 20 to 35 pct zinc on the copper-zinc 
side through a curved path intersecting the 
~ copper-manganese side at 30 to 32 pct man- 


elongation of 40 pct, and alloys within the 
limits of 30 to 40 pct manganese vary from 
42.5 to 50 pct elongation. The variation in 
elongation within the alpha-beta area 
varies inversely with the tensile strength, 
high-manganese alloys possessing the low- 
est elongation. The relative amounts of 
beta phase present will affect, however, the 
elongation of the two-phase alloy. 

The Rockwell B hardness of the sheet 
series of alloys as given in Fig 10 shows 
contour lines that parallel the trends of the 
tensile and yield strengths for this material. 
The hardness for the single-phase alloys 
(annealed at 1200°F) increases gradually 
from Rockwell B-10 to B-15 (F-63 to F-66) 
for the 5 pct manganese alloys to Rockwell 
B-55 for the 45 pct manganese alloys. As 
with strength, the hardness of the two- 
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phase alloys increases with increasing man- 
ganese and with the amount of beta phase 
present. 

The tensile-strength and yield-strength 
values for 14,-in. sheet stock cold-rolled 
to 60 pct reduction in thickness are given in 
Figs 11 and 12. The tensile strength of cold- 
rolled sheet alloys containing up to 20 pct 
manganese (Fig 11) follows the same 
trends as the cold-rolled rod stock, both in 
shape of the contour and values. With 
higher manganese contents, 25 to 45 pct, 
the sheet data show a relatively large range 
of single-phase compositions with sub- 
stantially the same strength (roughly 10s5,- 
000 psi), while the somewhat less complete 
data in this area for rod stock indicate con- 
tinued increasing strength, reaching values 
in the order of 115,000 psi. 

The yield-strength curves of Fig 12 show 
some irregularities but are in general agree- 
ment with the rod data for alloys up to 
20 pct manganese. Beyond 25 pct man- 
ganese the cold-worked alloys do not vary 
greatly in yield strength; they range from 
100,000 to 105,000 psi, closely approaching 
the tensile strength. 

Elongation data for the cold-rolled sheet 
were not plotted because of. the relatively 
small variations encountered. The values 
range from 4.5 pct for low-manganese alloys 
to 3 to 3.5 pct for high-manganese alloys. 
Zinc does not appear to affect the elonga- 
tion of the cold-worked alloys as long as 
they are single phase. Alloys containing 
alpha and beta phases show a generally 
lower elongation, ranging from 3.5 to 2.3 
pet. It is interesting to note that a 25 pct 
manganese, 23 pct zinc alloy that is prac- 
tically all beta quenched from 1200°F is 
capable of 60 to 80 pct reduction in thick- 
ness by cold-rolling. This alloy reaches a 
tensile strength of 144,000 psi with an 
elongation of 2 pct after 80 pct cold reduc- 
tion to 1¥.-in. sheet. 

Hardness values likewise were too uni- 
form to justify plotting on a ternary chart. 
The hardness vs. cold-reduction curve is 
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quite flat in this range of reduction and all 
the alpha solid solution alloys had a hard- 
ness of Rockwell B-90 to B-100. The high- 
copper alloys averaged close to B-9o, while 
those with considerable manganese and 
zinc varied between B-94 and B-1oo. The 
25 pct manganese, 23 pct zinc alloy men- 
tioned in the preceding paragraph had a 
hardness of C-28 with 60 pct reduction. 


SUMMARY 


The tensile-strength properties have been 
determined for cold-rolled and annealed 
copper-rich alloys within the alpha solid 
solution area of the copper-manganese-zinc 
system. The data show that additions of 
manganese to copper-zinc alloys increase 
the strength and decrease the characteristic 
ductility of the brasses, but, considering the 
magnitude of the increase in strength, the 
decrease in elongation is not great. Increas- 


ing the manganese content of the ternary 


alloys increases the strength at approxi- 
mately the same rate as that observed in 
the copper-manganese binary alloys. This 
increase of approximately tooo psi for each 
‘one per cent manganese is more or less 
independent of the zinc content. In general, 
alloys with the high zinc content have the 
highest elongation. The maximum strength 
values of 65,000 to 70,000 psi are reached 
with 30 to 45 pct manganese. The elonga- 
tion of these alloys is 40 pct or higher, In 
the composition area, near and within the 
alpha plus beta field, the property contours 
follow the course of the alpha plus beta 
boundary, and manganese and zinc appear 
to have equivalent effects. 

All the alloys under investigation are 
amenable to cold-working, including those 
containing relatively large amounts of the 
beta constituent. The strength of cold- 
rolled alpha solid solution alloys shows that 
the zinc content plays a more important 
part than in the annealed condition, al- 
though the strengthening influence of 
manganese is still predominant. With 
manganese contents of 25 to 45 pct, the 


we -nenenteg 


Se ee ee el 


‘ 

4 

=A 
§ 


DISCUSSION 


sheet data show a relatively large area of 
compositions with substantially the same 
strength of 105,000 psi and an elongation of 
3 to 3.5 pct after 60 pct cold reduction. 
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_ DISCUSSION 
(J. S. Smart, Jr. presiding) 


J. S. Smart*—I think we have had a very 
lucid presentation of a series of data regarding 
alloys having very interesting combinations 
of properties, including that of color change. 


I wonder whether or not Mr. Graham wishes ~ 


to make a few remarks regarding the handling 
of these alloys, for instance, the problems 
involved in the casting of these alloys and 
in their fabrication. 


T. R. Grawam (author’s reply)—There are 
certain difficulties in handling copper base 
alloys that are high in manganese, however 
these difficulties are not insurmountable. 
Manganese oxidizes rather readily and in the 


molten state those alloys containing appreciable 


amounts of manganese have a tendency to 
form strong tenacious oxide films which fold 
in during casting. With careful melting prac- 
tice, and deoxidizing with small amounts of 
aluminum, oxide film is greatly reduced and 
clean sound castings are obtained. 

In all of our work, melting and alloying 
have been done in high frequency induction 
furnaces with alundum or magnesia crucibles. 


* American Smelting and Refining Co., Bar- 
ber, N. J. 
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In the case of copper-manganese-zinc alloys, 
wherever possible, the manganese is added 
in the form of a previously prepared man- 
ganese-zinc hardener, and the total man- 
ganese addition is made before the balance of 
the zinc. After some slight fuming com- 
parable to the general technique followed in 
brass foundry work, the temperature is allowed 
to drop and a small amount of aluminum is 
added as a deoxidant. Care should be exer- 
cised in deoxidation to avoid excessive amounts 
of residual aluminum which should not exceed 
0.03 to 0.05 pct. 

The procedure in handling the  copper- 
manganese-aluminum alloys is substantially 
the same as that for commercial aluminum 
bronzes, with precautions to minimize tur- 
bulence in pouring. 

Alloys of these two systems copper-man- 
ganese-zinc and copper-manganese-aluminum 
are amenable to both hot and cold-rolling 
and are, in general, comparable to the brasses 
and bronzes in their fabricating characteristics. 


C. Samans*—I wish to ask Mr. Graham if 
he has any information on the ferro-magnetic 
characteristics of these alloys. Does any of 
them become ferro-magnetic as a result of 
heat treatment, and if so, are the heat treat- 
ments required at all critical? 


T. R. Granam—We do not have data that 
would particularly answer your question, 
Dr. Samans. The compositions of this series 
of copper-manganese-aluminum alloys are 
somewhat removed from the Heusler alloys 
and their magnetic characteristics have not 
been studied. 

We think, however, that a review of the 
Heusler alloys, using high-purity electrolytic 
manganese may show them to be considerably 
more ductile than has been recorded in some 
of the original work. At the moment, time 
has not permitted us to extend our work into 
that field, but we hope to include it some 
time in the future. 


C. Samans—One of the men working with 
me (Dr. W. R. Ham) some time ago found 
that if the Heusler alloys were melted under a 
reducing atmosphere—in other words, with 
oxygen carefully eliminated—their ductility 


* American Optical Co., Southbridge, Mass. 
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was surprisingly high, and they could be 
worked more readily than would be suspected 
from the information in the literature. 

I think that substantiates Mr. Graham’s 
remarks and indicates that there may be con- 
siderable promise in these Heusler alloys if 
they are properly handled. 


J. R. Freeman, Jr.*—Does Mr. Graham 
have any information from his work with 
respect to whether manganese has any effect 
on the season-cracking tendencies in the brasses, 
particularly the high brasses, either to increase 
it or decrease this particular tendency? 


T. R. Granau—In a paper prepared about 
three years ago, we dealt with what was 
considered potentially a copper-rich brass, 
that is, an alloy containing 65 pct copper, 
Io pct manganese, and 25 pct zinc. We ex- 
amined the season-cracking characteristics 
_ of that alloy, and found that the manganese 
alloys were no more susceptible to season- 
cracking than the conventional brasses. 


F. M. Watters{—Can Mr. Graham give 
us any data on the corrosion resistance ob- 
served in these particular alloys? 


T. R. Granam—Corrosion resistance data 
are not available for the alloys as a group. 
However, in a comparison study of the 65 pct 
copper, 1o pct manganese, 25 pct zinc alloy 
with cartridge brass, it was found that the 
manganese alloy was somewhat more resistant 

* American Brass Co., Waterbury, Conn. 


tLos Alamos Laboratory, Atomic Energy 
Commission, Santa Fe, N. Mex. 


COPPER-MANGANESE-ZINC ALLOYS 


so salt-spray corrosion than the 70-30 brass and 
tuffers the least loss in percentage elongation. 


E. W. Patmer*—I wish to ask Mr. Graham 
whether these alloys are subject to significant 
variation in properties depending upon the 
amount of aluminum used for deoxidation. 
In some of the binary alloys, the amount of 
aluminum appears to be quite critical, and I 
wonder if the same is true of the ternary 
alloys. 


T. R. Granam—I doubt if I could answer 
that ‘question “yes” or “no.’”’ It depends on 


- 


what particular sequence of alloys you have in | ; 


mind. 

For example, those alloys which fall in the 
very near vicinity of alpha plus beta boundary 
in the copper-manganese-zinc system are 
materially influenced by small amounts of 
aluminum. That is to say, small amounts of 
aluminum cause a shift in the line. 

The same thing is true in the copper-man- 
ganese binary alloys. Excessive amounts of 
aluminum, as was indicated in the charts just 
shown, caused the manganese solubility line 
to swing towards lower copper. Small amounts 
of aluminum can displace those solubility 
lines. Iron and silicon have somewhat similar 
effects. 

However, if the aluminum content is main- 
tained at less than 0.05 of one pct—and that 
is residual aluminum, of course—substantially 
no effects are found throughout the alpha solid 
solution area. 


* American Brass Co., Waterbury, Conn, 


Solubility of Carbon in Molten Copper-manganese and Copper- 
nickel Alloys 


By JoHn R. ANDERSON,* StuDENT ASSOCIATE, AND MicHAEL B. Brver,* MremBper AIME 
(New York Meeting, March 1947) 


CARBON may affect the alloys of copper 
in several ways. Provided an alloying 
element does not oxidize preferentially, 
even minute quantities of carbon dissolved 
in liquid alloys of high copper content 
will form insoluble carbon oxide gases 


under oxidizing conditions. Gas porosity 


in castings of high-copper alloys can 
originate in this way. In certain alloys of 
low copper content carbon may have con- 
siderable solubility and may be an effective 
deoxidizer. In these alloys carbon will 
tend to suppress porosity. 

Carbon that is dissolved in the molten 
alloy is likely to be retained in the solidified 
metal. The effects of carbon on the physical 
properties of the metal are determined by 
the form in which it is present. Depending 
on the alloying elements and also on the 
cooling rate, carbon may precipitate as 
graphite, may form a carbide or may 
remain in solid solution on cooling. As 
solid copper does not dissolve a measurable 
amount of carbon, a _ carbon-bearing 
solid solution can occur only if the copper 


is alloyed with a large excess of an element 


that forms such a solution. 
The effect of graphite or of carbides on 


% the properties of an alloy will depend on 
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the size and distribution of the pre- 
cipitated particles. As Hensel pointed out 
in discussion,! the formation of an alloy 
carbide may interfere with the age- 
hardening properties of a copper alloy. 
One would also expect that the presence 
of carbides or of graphite will under certain 
conditions promote corrosion or high- 
temperature failure in nonferrous alloys. 
Since carbon has an effect on the sound- 
ness of castings and affects the structure 
and behavior of solid copper alloys, its 
solubility in the liquid alloys is of prac- 
tical importance. The isothermal change 
of carbon solubility with alloy composition 
is of interest from a theoretical standpoint. 
The binary alloys of copper with manga- 
nese and with nickel are used industrially 
and serve as a base for more complex 
alloys. The solubility of carbon in each of 
these metals is known, but its solubility 
in their alloys has not been determined. 


EARLIER DATA 


The solubility of carbon in molten pure 
copper is about 0.0001 pct at r100°C and 
0.0004 pct at 1475°C.! Various authors?~® 
have published data on the solubility of 
carbon in molten manganese. There is 
agreement on a value of about 6.7 pct in 
the temperature range 1217° to 1245°C. 
This solubility value corresponds to the 
formula Mn,C. It increases very little with 
increasing temperature. 

Corson’ states that carbon is soluble in 
copper-manganese alloys and that the 


1 References are at the end of the paper. 
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ductility of these alloys depends on the 
material of the crucible in which they are 
melted. He attributes this effect to the 
absorption of carbon and states that the 
alloys absorb carbon in proportion to their 
manganese content. With 30 pct manganese 
as much as 0.20 pct carbon may be expected 
in an alloy made in a graphite crucible and 
stirred with a graphite rod, while con- 
tinuous contact with charcoal will cause 
the absorption of about 0.50 pct carbon. 
No information is given on the temperature 
of the molten metal and the method of car- 
bon analysis. Corson states that carbon- 
bearing copper-manganese alloys are 
cold-short. 

Friedrich and Leroux,® Ruff and his 
collaborators,®!° Kase!! and Mishima}? 
investigated the solubility: of carbon in 
nickel. A eutectic occurs at about 1310° 
to 1320°C and at a carbon concentration of 
approximately 2.2 pct. The hypereutectic 
liquidus has a moderate slope and reaches 
3 pct carbon at about 1750°C. At 2100°C 
the solubility is 6.4 pct, corresponding 
to the formula Ni;C. Above this tempera- 
ture the solubility was found to remain 
constant up to 2500°C. 

Mishima” studied the influence of carbon 
on the behavior of nickel and its alloys with 
copper during annealing and working. He 
found evidence that carbon above certain 
minimum percentages adversely affects the 
mechanical properties and the behavior 
of the alloys at high temperatures. 


EXPERIMENTAL METHODS IN PRESENT 
INVESTIGATION 


The investigation reported here was 
carried out by saturating liquid samples of 
copper-manganese and copper-nickel alloys 
with carbon. The samples were quenched 
and analyzed for total carbon by a com- 
bustion method. 


Preparation of Samples 


In order to retain dissolved carbon 
quantitatively in the metal, the samples 
had to be quenched effectively from the 
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saturation temperature. Contact of the 
melt with air, water, steam and the oxides 
of carbon was undesirable. In order to de- 
crease the risk of mechanical inclusion of 
graphite it was not advisable to pour the 
melt over graphite. 

For these reasons a method of quenching 
was used that combines the fast cooling 
action of water with the protection of an 
inert atmosphere. A crucible (8 in. long by 
34 in. outside diameter) was suspended in a 
vertical tube furnace through which an 
inert gas was passed. The crucible could be 
released to fall freely into a container of 
cold water placed directly under the fur- 
nace tube. The crucible came to rest with 
jts top projecting inside the furnace, and 
the melt was thus protected by the inert 
atmosphere maintained in the furnace tube. 

The quenching action appeared to be 
effective and the metal solidified quickly. 
Moreover, freezing started simultaneously 
along the entire surface of the sample and 
this tended to retain dissolved carbon in 
the metal. The problem of segregation will 
be discussed later. 

The furnace (Fig 1) consisted of a silica 
tube D (30 in. long and 114 in. outside 
diameter) over which a brass head C fitted 
tightly. This head supported the pin J on 
which the crucible was suspended. Gas was 
introduced through a tube B. 

Prepurified dry nitrogen was used for all 
samples except those high in manganese 
(Nos. 25 to 38 inclusive). Information re- 
ceived from the supplier indicated that the 
oxygen and hydrogen contents of this 
nitrogen were less than 0.002 pct. The high- 
manganese samples were made under 
argon, which, according to the supplier, 
analyzed 99.9 pct argon and o.1 pet 
nitrogen. 

The crucibles 
graphite rods of high purity. The alloys 


that dissolved more than about 0.10 pct ° 


carbon undercut the crucible walls so that 
the crucible had to be broken to extract the 
solidified sample. For fast quenching the 


were machined from. 
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Fic 1—SCHEMATIC VIEW OF FURNACE USED IN PREPARING SAMPLES. 


thickness of the crucible walls was kept toa Bureau of Mines. This metal is considered 
minimum. The high-manganese samples _ to be 99.95 pct pure. The principal impurity 
dissolved so much of the crucibles that it | was sulphur and others in order of occurr- 
was necessary to make the walls thicker ence were iron, nickel, molybdenum, lead, 
to prevent the possibility of dissolving the arsenic, copper and a trace of carbon. It is 
entire wall. also understood that the metal as received 
_ The manganese used was high-purity contained about 0.015 pct hydrogen. 
electrolytic metal prepared by the U. S. The electrolytic nickel-used was of a 
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commercial grade. Aside from traces of 
silicon, carbon and sulphur, the following 
nominal analysis presumably applies: Co, 
0.7 pct; Cu, 0.01 to 0.03; Fe, 0.01 to 0.04. 
A chemical analysis showed a cobalt con- 
tent of 0.94 pct. 

The copper used was special high- 
purity rod prepared by the continuous 
casting process described by Smart, Smith 
and Phillips.1® These rods had been made in 
the work of Bever and Floe.! They con- 
tained carbon but in much smaller amounts 
than the alloys made in the investigation 
reported here. These small carbon contents 
therefore were not objectionable. 

The metals were cut into shapes that 
could be charged to the crucible. The cop- 
per and nickel pieces were cleaned with 1:1 
hydrochloric acid before weighing and 
charging. The alloys were made by melting 
together weighed amounts of manganese or 
nickel with weighed amounts of copper. 
The electrolytic manganese could be 
broken easily into very small pieces. It was 
thus possible to add exactly the required 
quantity to make an even alloy percentage. 
It was more difficult to comminute the 
nickel and even percentages of nickel could 
not be charged. 

Temperatures were measured with a 
Leeds and Northrup disappearing-filament 
pyrometer sighted on the surface of the 
bath through the prism J and the sight 
glass A in the furnace head. Since the 
metal occupied only a fraction of the total 
height of the crucible, black-body con- 
ditions were approached. 

The procedure in making a run consisted 
of suspending the crucible and charge by a 
molybdenum wire £ on the release pin J. 
The furnace was flushed with inert gas. 
The charge was then melted and brought to 
temperature. After it was held long enough 
to reach equilibrium, the crucible was 
dropped into the quenching bath by with- 
drawing the release pin. 

Some of the samples had fairly deep 


pipes. The metal surrounding the pipe was - 
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drilled out to remove any graphite par- 
ticles that were likely to have collected 
there. The exterior surface of the sample 
was machined to remove all the graphite. 
After machining, the sample was cleaned in 
hot 1:1 hydrochloric acid. A section com- 
prising one half the cross-sectional area was 
milled from along the entire height of the 
cylindrical sample. The chips were collected 
for analysis. - 


Method of Analysis 


The method by which the samples were 
analyzed for carbon was based on the oxi- 
dation of carbon to carbon dioxide and the 
determination of this gas. This was carried 
out by the combustion analysis that is in 
common use for the determination of car- 
bon in steel and iron. 

The equipment used consisted of a tube 
furnace through which a stream of oxygen 
was passed. The exit gases flowed through 
a chromic acid bubble tube for the removal 
of sulphur dioxide and a drying tube filled 
with anhydrous magnesium perchlorate. 
The gases then passed to a U-tube contain- 
ing -Ascarite. 

The furnace was heated electrically to a 
temperature of 1150° to 1200°C. In starting 
an analytical run, oxygen was passed 
through the systerh until the gain in weight 
of the Ascarite tube in 15 minutes was nil 
as determined on a sensitive balance. Then 
a known weight of the sample millings was 
placed into the furnace on an alundum 
boat, the system was closed and oxygen 
passed through the furnace for 15 minutes 
or more to oxidize all of the carbon to 
carbon dioxide. The carbon dioxide was 
absorbed by the Ascarite and the increase 
in weight of the U-tube was determined. 
From this weight the carbon content of the 
samples was found. 


RESULTS OF EXPERIMENTAL Work 


Table 1 lists the conditions of saturation 
and the carbon content of the samples of 
the copper-manganese alloys, Table 2 
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gives the same information for the copper- 
nickel alloys and Table 3 contains data on 
the carbon content of pure mangancse 
samples as a function of temperature. The 
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The carbon values reported in the tables 
and figures are the carbon contents of the 
solidified alloys, while the percentages of 
manganese and nickel represent the com- 


TABLE 1—Carbon Content of Copper- Taste 2—Carbon Content of Copper-nickel 
manganese Samples Samples 
Conditions of Conditions of 
Saturation Saturation 
Sample Manga- Carbon Sam i 
‘ ple Nickel, Carb 
Number foce T Pct Number Pct “Bott 
ct emper- Tine Temper- Ti 
ature Nine ature pee 
Deg C Deg C Min 
18 5.0 1090 30 0.0075 I 25.1 I 
19 10.0 1090 30 0.0II baa sa a ome 
20 1570) 1090 30 0.025 39 TOE I475 31 0.0020 
21 20.0 1090 30 0.036 40 1.99 1475 31 0.0040 
23 25.0 1090 36 0.055 4I 4.08 1475 aE 0.0075 
24 32.5 1090 36 0.136 42 5.28 1475 30 0.013 
25 40.0 1090 40 0.30 43 9.94 1475 30 0.053 
26 50.0 I090 35 0.63 44 19.99 1475 30 0.115 
32 60.0 1090 30 I.09 45 30.190 1475 30 0.26 
47 40.07 1475 30 oO. 
22 I.0 1262 32 0.0013 48 49.91 1475 30 oles 
14 2.0 1262 30 0.0028 46 60.12 | i478 30 I.O1 
I5 4.0 1262 30 0.0063 51 69.29 1475 30 Teow 
8 5.0 1262 35 0.0090 49 80.00 1475 30 1.72 
a 15.0 a262 35 0.041 52 90.67 1475 30 2.06 
3 15.0 12 100 0.039 ty) 100.00 : 
10 25.0 1262 35 0.141 5 =e 3C Oa 
_ 25.0 iss 90 0.142 
z 0.0 1262 (0) 0.26 4: 
ee bye z ies position of the alloys before they absorbed 
II 50.0 1262 30 0.84 . 
25 ap 1265 an ehess carbon. For example, the binary alloy 
54 20.0 1265 31 0.072 io} 7 
Pe ses 1263 ee pos HE rash analyzing ee eG and 
33 35.0 1265 100 0.39 © pct manganese absor Oo. 
27 60.0 182 30 a3 5 P § : ce 39 pet 
28 75.0 1265 30 Zi. 
3I 82.5 1265 60 3.76 TABLE 3—Carbon Content of Quenched 
29 100.0 1265 30 6.32 S 
34 100.0 1265 60 6.75 amples of Manganese 
6 10.0 1277 30 0.024 ar 
if 20.0 1277 30 0.073 ee of 
5 33-0 1277 30 0.33 aturation 
re 37-0 1277 40 0.42 Ss 1 b 
2 48.5 1277 30 0.77 ees Ne : Sees 
emper- ; 
ature ae 
: ‘ : Deg C 
stated time of saturation represents the 
period during which the sample was at 56 ana Ms 6in3 
the indicated temperature. The sample usu- pe ee cies 
ally was molten io to 20 minutes longer =H ane ce ee 
_ than the time stated while the temperature 38 1450 46 6.86 


a 
i 

4 

} 


was being adjusted. 

Fig 2 shows the carbon contents of the 
copper-manganese alloys as a function of 
the manganese content for several temper- 
atures, Fig 3 presents similar data for 
-copper-nickel alloys and Fig 4 shows the 
carbon contents of manganese as a function 
of temperature, and includes also results 


reported by Ruff and Bormann.* 


a 


i 


carbon. Therefore, the manganese and cop- 
per contents of the resulting ternary alloy, 
were actually 49.58 pct each. 


DISCUSSION OF METHODS AND RESULTS 
Preparation of Samples 


The carbon content of the solidified 
samples represented equilibrium values for 
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the liquid solution only if the following con- 
ditions were fulfilled: (1) the liquid bath 
was saturated with carbon, (2) this satur- 
ation amount was retained quantitatively 
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in the sample during quenching, and (3) 
the sample remained free from mechanic- 
ally included graphite. 

The period for which the quenched 
samples were held at the saturation temper- 
ature was long enough to reach equilibrium. 
Several samples of identical alloy com- 
positions were held at the saturation tem- 
perature for different times. The values for 
samples 9 and 13, 10 and 12, and 30 and 33 
show that no increase in the carbon content 
occurred in the samples saturated for 
periods of about three times the basic 
saturation time. 
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Aside from failure to saturate and quench 


the melts properly, oxidation of the sample 
could cause errors in carbon content. It is 


well known that even minute amounts of 


1262 °C 
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4 1090 °C 
° 1262°C 


@ 1265 °C 
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oxygen will remove carbon from molten 
pure copper. In run No. 29 the crucible 
cracked, probably during quenching, and 
steam may have come into contact with the 
metal. The carbon content of this sample is 
lower than that of sample No. 34. No other 
samples showed signs of oxidation. The use 
of an inert gas together with the presence of 
hot graphite in the system eliminated 
oxidation as a source of error. 

The high-manganese alloys behaved in a 
manner that confirmed the observation of 
Vogel and Déring® and of Thomson" that 
manganese carbide is unstable in air. 
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These samples Were analyzed therefore 
within a few hours after quenching. During 
much of this time they were stored in 
closed glass bottles. When a small drop of 


30 


a 
=f 
20 ¥ 0.010 
z 
5 re) 
2 5 
= uw 
= Vv 
z a 
8 rg 
8 
kb 
y 
Ww 
(Ss) 
ac 
¥ to 
2 3 4 5 
WEIGHT PER CENT NICKEL 
ao 


125 


that the samples were generally free from 
accidentally entrapped graphite. 

The measurement of temperature may 
have been a source of error in preparing the 


1475 °C 


WEIGHT PER CENT NICKEL 
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CONTENT. 


water was placed on a sample of high- 
manganese alloy saturated with carbon, 
small bubbles of gas were observed under 
the microscope. Samples of manganese car- 
bide changed to a brownish powder when 
standing in contact with the atmosphere 
for several days. The samples stored in 
glass bottles showed no signs of disintegra- 
tion after several days, and their carbon 


-content did not change during this time, 


but after several weeks the carbon- 
bearing high-manganese alloys began to 
disintegrate. 

- If suitable precautions are taken, the 
danger of entrapping graphite is not great 
because of the high surface tension of the 


‘melt. The consistency of the results shows 


samples. The following formula was used 


for the extrapolation of temperature 
readings: 

Py aad 

eerie 


where S is the true temperature, T the 
observed temperature in degrees absolute 
and K is approximately a constant for 
moderate temperature ranges. The extra- 
polation becomes less reliable as the 
observed temperature is farther removed 
from the calibration temperature. The ac- 
curacy of the temperature measurements 
was impaired by the fact that the cali- 
bration was made with pure copper, which 
has not necessarily the same emissivity as 
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its alloys. Nevertheless the magnitude of 
the error in temperature measurement was 
probably small. 

The nickel used in this investigation was 
not of a high degree of purity. Its principal 
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impurity was cobalt, which in the liquid 
state dissolves very nearly the same 
amount of carbon as molten nickel. For 
this reason the presence of less than one 
per cent cobalt probably had only a negli- 
gible effect on the accuracy of the results. 
The other impurities were present in such 
small amounts that they need not be con- 
sidered as possible sources of error. 


Sampling and Analysis 


The samples were prepared for analysis 
by milling. It was noticed in some instances 
that the high-nickel alloys gave a fine dark 
powder in addition to the metallic chips. 
This powder probably was graphite. It 
proved difficult to sample these alloys 
accurately. 

In both the copper-manganese and the 
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copper-nickel alloys the possibility of 
segregation existed as the alloys solidify 


through a temperature range. This danger — 


of segregation made very careful sampling 
necessary. 
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The carbon dioxide formed from the 
combustion of carbon in the sample was 
weighed to one tenth of a milligram. In 
order to get accurate determinations for 
the samples containing small percentages 
of carbon, a sample weight of over 5 grams 
was used. With this sample weight 0.1 mg 
of carbon dioxide corresponded to 0.0005 
pet of carbon in the metal. 

The smallest percentage of carbon oc- 
curred in the alloy containing -1.0 pct 
manganese and amounted to 0.0013 pet. 
This value is so close to the experimental 


limit of the method that its accuracy is low. | 


Nevertheless, the observed value is con- 
sistent with the body of the data as shown 
in Fig 2. 

A standard iron sample containing 
1.002 pct carbon was used to test the 
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analytical system at the beginning and 
after completion of most series of analyses. 
In several instances the final standard value 
was found to be too low. In these cases the 
Ascarite was renewed and the values for 
the preceding samples were determined 
again by additional analyses. 

Each sample was analyzed until values 
that checked satisfactorily were obtained. 
In some instances it was necessary to make 
four or more determinations before a value 
was established in which confidence could 
be placed. It is probable that difficulties 
with the copper-nickel alloys were pri- 
marily owing to unrepresentative samples, 
while the oxidation of the carbon in these 
alloys seemed to take place readily in the 
combustion analysis. In some of the copper- 
manganese alloys the carbon may have 
been more difficult to oxidize. 


Significance of Results 


The results of this investigation show a 
difference between the copper-manganese 
and copper-nickel alloys that may be 
significant from the standpoint of the 
theory of liquid metallic solutions. The 
solubility of carbon does not obey the mix- 
ture rule in either system, but the deviation 
is much more pronounced in the copper- 
manganese than in the copper-nickel 
alloys; for example, at 1475°C a 4o pct 
nickel alloy dissolves about one half the 
amount of carbon indicated by the mixture 
rule, while at 1262°C a 40 pct manganese 


_ alloy dissolves only about one fifth. Moder- 


ate amounts of manganese are thus rela- 
tively less effective than nickel in bringing 
about the solution of carbon. This fact 
suggests that manganese up to a certain 
concentration may be bound more closely 
to copper than is nickel. 

Most of the commercially important 
copper-manganese alloys are at present in 
the low-manganese range, where the solu- 
bility of carbon is relatively small. How- 
ever, even this solubility is large enough to 
be equivalent to appreciable volumes of 
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carbon oxide gases; for example, the carbon 
soluble in roo grams of an alloy containing 
1.0 pct manganese corresponds to about 
2 cc (S.T.P.) of carbon monoxide or dioxide 
if all of it is oxidized. At the freezing point 
of the alloy this volume of gas amounts to 
about 10 cc, which is approximately equal 
to the volume of the metal. Approximate 
equilibrium calculations show that the 
presence of small amounts of manganese 
will not protect all the dissolved carbon 
from oxidation, but as the manganese con- 
tent is raised the formation of its oxide in 
preference to that of carbon becomes in- 
creasingly probable. 

In solid manganese-copper alloys, carbon 
is present at least in part as manganese 
carbide. As Corson? has shown, these 
alloys will be cold-short. 

Commercially important alloys of copper 
and nickel are found throughout the entire 
range of compositions. The solubility of 
carbon is large enough in all compositions 
to be considered as a cause of porosity, 
especially since dissolved nickel will not 
interfere with the oxidation of carbon. 
Carbon is present in solid copper-nickel 
alloys as graphite. It has important effects 
on the behavior and properties of the 
alloys.¥ 

Extrapolation of the solubility curves of 
the two alloy systems to zero per cent of 
alloying element results in values of the 
solubility of carbon in pure copper of the 
same order of magnitude as the’ values re- 
ported by Bever and Floe.’ The authors 
of the present investigation wish to empha- 
size that its methods and accuracy of re- 
sults differ from those of the former paper. 
The combustion analysis used in the 
present investigation is inferior for small 
carbon contents to vacuum analysis. The 
fact that the alloys solidify over a temper- 
ature range introduces the possibility of 
serious carbon segregation, which does not 
exist in copper. This difficulty, of course, 
is inherent in the subject of the present 


paper. 
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SUMMARY 


The solubility of carbon in molten cop- 
per-manganese alloys was found to in- 
crease with the manganese content. At the 
temperature level 1262° to 1265°C it varies 
from 0.0013 pct carbon for an alloy con- 
taining I.0 pct manganese to 6.75 pct 
carbon for pure manganese. 

The solubility of carbon in molten 
manganese was determined to be 6.73 pct 
at 1220°C and 6.86 pct at 1450°C. 

In copper-nickel alloys the carbon solu- 
bility ranges at 1475°C from 0.0020 pct 
for an alloy containing 1.0 pct nickel to 
2.37 pct for pure nickel. 

The solubility of carbon does not obey 
the mixture rule in either the copper- 
manganese or copper-nickel alloys. Quali- 
tative conclusions as to the nature of these 
metallic solutions may be drawn from the 
fact that the deviation is much larger in 
the copper-manganese than in the copper- 
nickel system. Manganese up to a certain 
concentration appears to be bound more 
closely than nickel to copper as a solvent. 

The fact that carbon is soluble in these 
alloys has practical significance. Dissolved 
carbon on subsequent oxidation during 
cooling and solidification may lead to gas 
porosity. It may also affect the structure 
and physical properties of the alloys by its 
presence as a carbide or as free graphite. 
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DISCUSSION 
(E. Palmer presiding) 


V. PuLsirER*—I wish to ask if there has 
been any speculation as to the compound 
formed in the case of nickel and carbon alloyed 
with copper. 


M. Bever{ (author’s reply)—It is generally 
agreed that nickel carbide decomposes readily 
while manganese carbide and most of the 
other well-known metal carbides are quite 
stable. The solubility of carbon in moltne 
nickel at 1475°C is about 2.4 pct. This is 
much less than the carbon content of NisC. 
On the other hand, the carbon content of 
molten manganese saturated with carbon 
corresponds closely to the formula Mn;C. 

Our metallographic observations indicated 
clearly that in the solidified copper-nickel 
alloys carbon precipitates as graphite. In the 
copper-manganese alloys we found indications 
of manganese carbide although with increasing 
manganese concentrations free graphite also 
appears. The cooling rate, of course, has an 
effect on the decomposition of manganese 
carbide. 


F. M. Watrerst—In connection with the 
manganese carbide, I might point out that 
it is rather interesting to find Mn;C in the 
melt, since the carbides which have been 
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t+ Massachusetts Institute of Technology, 
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detected by X rays in the solid and identified 
have been Mno3C¢z and Mn7C3. 


V. PutstrER—Would you care to guess 
what would happen if zinc is added to the 
nickel-copper or manganese-copper systems, 
as far as the solubility of carbon is concerned? 
You touched on that, in general terms, that 
is as to relative heats of formation or com- 
pound forming tendency, but in the case of 
zinc, which is probably less reactive than 
carbon, the zinc would not act as a preferential 
deoxidizer to carbon. Is that correct? 


M. B. Brver—The assumption of the exist- 
ence of compounds in liquid alloys is simply a 
hypothesis at the present time. This hypo- 
thesis, however, seems to be well supported 
by a number of different observations. For 
instance, in studying the solubility of hydrogen 
in liquid alloys, we have found strong sug- 
gestions of compound formation. In molten 
copper-tin alloys, the solubility of hydrogen 
as a function of tin content changes abruptly 
at the composition of Cu3Sn. In liquid iron- 
silicon alloys we found a minimum hydrogen 
solubility at 50 atomic pct of silicon, that is 
at the composition of FeSi. Since this liquid 
solution behaves in a unique manner, the 
association of iron and silicon atoms in ‘the 
compound FeSi seems a reasonable assumption. 

The interesting observation made by Dr. 
Walters is not at variance with what is found 
in the copper-tin and iron-silicon systems. 
In the former system several solid compounds 
are known in addition to Cu;Sn, yet in the 
liquid state only the composition of CusSn 
stands out as unique. The iron-silicon system 
probably also contains several solid compounds, 


- but only FeSi seems to have any marked 
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identity in the liquid state. It is thus not 
surprising to find only one liquid composition 
of distinct characteristics in the manganese- 
carbon system in spite of the existence of other 
carbides in the solid state. 

Mr. Pulsifer’s question has two aspects: 
in the first place, the effect of zinc on the 
equilibrium solubility of carbon in the alloy 
and, secondly, the relative ease of oxidation 
of carbon and of zinc when both elements are 
present in liquid copper alloys. 

In my opinion, zinc will not increase the 
equilibrium solubility of carbon in alloys of 
copper. In fact, if part of the nickel or man- 
ganese in a copper alloy is replaced by zinc, 
this substitution probably lowers the solubility 
of carbon. In this respect, zinc may be con- 
sidered to resemble copper rather than nickel 
or Manganese. 

The equilibrium constants for the oxidation 
of zinc and carbon determine their relative 
tendencies to oxidize. These constants can be 
found for the pure elements of unit activity. 
The question asked by Mr. Pulsifer, however, 
concerns not the reactions of zinc, carbon and 
oxygen as such, but dissolved in an alloy of 
copper. The fact that these elements are in 
solution lowers their activity which is a 
function of the concentration. 

Elemental carbon oxidizes in preference to 
zinc at elevated temperatures. Carbon in 
concentrations not too far below its saturation 
limit in an alloy will also oxidize ahead of 
dissolved zinc. However, at any given zinc 
concentration in the alloy, there exists a 
minimum carbon content below which the 
thermodynamically 


oxidation of zinc is 


possible. 


Zinc Diffusion in Alpha Brass 


By A. D. SmicELskas* anp E. O. KIRKENDALL,} MEMBER A.I.M.E. 


(Atlantic City Meeting, November 1946) 


Tuts is the third paper in a series on the 
diffusion of zinc in alpha brass.! At the 
time of the first paper it was accepted 
that diffusion in a substitutional type of 
solid solution depended upon an equal 
interchange of solute and solvent atoms 
across the diffusion interface (or past a 
given lattice reference point). Discrepancies 
in the size of the areas under the diffusion 
curves on each side of the interface, if 
observed, were explained on some other 
basis than the fact that the solute atoms 
might cross the diffusion interface without 
an equal number of solvent atoms diffus- 
ing across the interface in the opposite 
direction. 

The second paper presented evidence 
indicating that zinc atoms in alpha brass 
diffuse across the interface more rapidly 
in one direction than the copper atoms 
diffuse across the interface in the opposite 
direction. This phenomenon forced the 
interface to move in the opposite direction 
of the diffusion of zinc atoms to provide 
space for the additional zinc atoms dis- 
solved in the alpha brass. That the inter- 
face and columnar grain structure on one 
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Wayne University, Detroit, Michigan. 
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diffusion work, both 


side would remain intact during this 
mass movement was not expected; how- 
ever, it is gratifying that they did. 

While the evidence was_ sufficiently 
satisfying to the author, it was decided 
that additional experiments were in order 
to prove that zinc diffuses more rapidly 
than copper in alpha brass. It is the 
purpose of this paper to present the 
results of these experiments. 


PROCEDURE 


A bar of 70-30 wrought brass was 
selected, to avoid the relatively large 
volume change in going from beta to alpha 
brass as in the previous investigation. 
A bar 7 in. (18-cm.)* long and about 34 in. 
(1.9 cm.) wide was surface ground and 
polished with abrasive paper on plate 
glass to 0.4184 + 0.0002 in. (1.0625 + 
0.0005 cm.) thick. Six 0.005-in. (0.013-cm.) 
diameter molybdenum wires, chosen be- 
cause of their very low solubility in copper 
and alpha brass, were stretched lengthwise 
along each of the two plane surfaces. 
Glass tubes placed at right angles to the 
wires every }4 in. held the wires tightly 
against the brass. The sample was then 
emersed in an acid copper sulphate plating 
bath and electroplated to a depth of 
about 0.020 in. (0.050 cm.) copper on all 
sides. The glass tubes were no longer 
necessary to hold the molybdenum wires 


in place and were removed. The sample 


was then electroplated to a depth of 


* Measurements were made in inches but 
since c.g.s, units are more commonly used in 
figures are given to 
facilitate comparison with other work. 
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0.100 in. (0.250 cm.) or more during a 
period of four days. 

The bar now consisted of an alpha-brass 
core, molybdenum wires, and a heavy 
layer of electroplated copper. Fig. 1 is a 
sketch of the cross section of the bar. 
It was heated for 3 hr. at about 400°C. 
to remove any hydrogen that might cause 
blisters at the diffusion temperature. 
Diffusion was carried out at 785°C. 
Cross-section samples were taken before 
heating to 785°C. and after heating for 
I, 3, 6, 13, 28, and 56 days (86,400; 259,- 
2003 518,400; 1,123,200; 2,419,200 and 
4,838,400 sec.). 

Cross sections were taken as nearly as 
possible at the location of the glass tubes 
holding the molybdenum wires on the 
original diffusion interface surface. Both 
the wires and the original interface were 
visible in all samples. Measurements 
were made of the distance between molyb- 
denum wires and the interface. In most 

_ of the samples the molybdenum wires 
and original interface were less than 
0.002 in. (0.005 cm.) apart. Six measure- 
ments were made of the interface to 
interface across the sample. The wires 
and the interface moved together toward 
the center of the bar as the zinc diffused 
out. The movement of the insoluble 
_molybdenum wires was conclusive evidence 
that the alpha brass was being forced 
_ back as a whole (or attracted back) as a 
result of the diffusing out of the zinc 
atoms individually. 

Extra samples were taken at 6 and 56 

days (518,400 and 4,838,400 sec.) to 
have samples for the X-ray diffraction 
pictures to obtain diffusion penetration 
curves. After both ends of the X-ray 
samples had been polished, one of the 
sides was ground and polished parallel 
to the plane of molybdenum wires by 
observation of the cross sections with a 
microscope. With this plane surface as a 
reference surface, the opposite surface 


be Oe 
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was alternately polished and etched, to 
obtain surfaces suitable for X-ray diffrac- 
tion pictures at various depths in the 
direction of diffusion. Back-reflection pic- 


Tic 1—CRrOss SECTION OF ORIGINAL BAR. 


tures, using a cobalt target and gold 
powder as a standard, were obtained to 
determine the zinc content of the alpha 
brass at the various depths. This provided 
diffusion penetration curves at 6 and 
56 days (518,400 and 4,838,400 sec.). 


RESULTS 


Table 1 shows the average distance 
between opposite parallel plane interfaces 
for various times of diffusion. The last 


TaBLe 1—Effect of Amount of Diffusion 
on Location of Interface 


Distaece 
oupeitt Shift of Each 
Time ati 785°C, Opposite i 
: Parallel Interface 
Interfaces 


Days | Seconds In, Cm. In. Cm. 
° 0 


0.4190] 1.0643} 0 oO 
I 86,400] 0.4178] 1.0612] 0.0006] 0.0015 
3 259,200| 0.4169] 1.0589} 0.0010] 0.0025 
6 518,400] 0.4162] 1.0572| 0.0014 0.0036 
13 I,123,200] 0.4146] 1.0531] 0.0022 0.0056 
28 2.419.200] 0.4117| 1.0457] 0.0036) 0.0092 
56 4,838,400] 0.4091] 1.0391) 0.0049) 0.0124 
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column gives the shift of each interface— 
half the total decrease in interface to 
interface distance. The latter data are 
plotted in Fig. 2. 

Tables 2 and 3 give the results obtained 
from the back-reflection X-ray pictures. 
The zinc content, determined from the 
lattice parameter of the brass, at various 
distances from the interface was obtained 
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for the 6-day and 56-day (518,400-sec. 
and 4,838,400-sec.) samples. Diffusion 
penetration curves for both samples are 
plotted in Fig. 3. 
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possible uncertainties of the previous 
paper. A rectangular sample, instead of 
circular, was used so that the diffusion 
was measured perpendicular to a plane 
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Fig. 4 is a micrograph of the 56-day 
(4,838,400-sec.) sample at 30 diameters. 
The 0.005-in. (0.013-cm.) diameter molyb- 
denum wires are easily recognized. The 
original interface, a moving plane, is 
barely visible as a vertical line tangent 
to the two wires on their right or high 
zinc side. 


TABLE 2—Diffusion Penetration Data for 
6-day Sample from X-ray Diffraction 
Pictures 


Distance to Interface 


Zn, Per Cent 

In Cm. 

0.023 0.058 0.0 

0.018 0.046 6.2 

0.014 0.036 13.2 

0.008 0.020 18.5 

0,003 0,008 20.8 
—0.002 —0.005 23.5 
—0.009 —0.023 25.2 
—0.015 —0.038 26.0 
—0.020 —0.051 27.0 
—0,032 —0,081 28.8 
—0.042 —0.107 30.5 
—0.055 —0.140 30.5 


Discussion oF RESULTS 


Several changes were incorporated in 
this investigation in order to avoid the 
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and no correction had to be made for a 
change in interface area as the circum- 
ference decreased during diffusion. A 
70-30 brass was used instead of a beta 
brass for base metal. This eliminated any 
possibility that the lower density of the 


TABLE 3—Diffusion Penetration Data for 
56-day Sample from X-ray Diffraction 
Pictures 


Distance to Interface 


Zn, Per Cent 
In Cm 
0.058 0.147 ° 
0.048 0.122 5.5 
0.040 0.102 10.8 
0.033 0.084 15.0 
0.026 0.066 E7iea 
0.019 0.048 19.5 
0.012 0.030 21.8 
0.005 0.013 22.2 
—0.002 —0.005 22.6 
—0.010 —0.025 23.5 
—0.020 —0.051 24.0 
— 0.033 —0.084 24.4 
—0.047 =—O..LI9 26.01. 
—0.062 —0.158 26.5 
—0.078 —0.198 27.5 
—0.108 —0.274 28.8 
—0.148 —0.376 290.8 
CE ee ee eee 


beta brass, or anything in connection 
with the phase change, could be responsible 


for the shift in the interface. The decrease 
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in lattice parameter of the alpha brass 
as the zinc content decreases during 
diffusion causes a slight shrinkage, which 
would account for less than one fifth 
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this investigation to measure the rate of 
diffusion of zinc in alpha brass accurately, 


two diffusion penetration curves were 
obtained and therefore an average con- 


Zinc, per cent 


Distance from original interface, inches 


Fic 3.—DIFFUSION PENETRATION CURVES FOR 6-DAY AND 56-DAY SAMPLES. 
The interface is a moving plane identified by molybdenum wires. 


(possibly 1o per cent) of the total shift 
observed. 

Insoluble molybdenum wires located 
on the original interface between the 
copper and alpha brass were used, to be 
sure that the observed shift in the original 
interface, which remains visible as a 
line throughout diffusion, was not some 
peculiar grain-boundary migration. The 
movement of the wires along with the 
interface ensures that the movement is a 
mass shift and must be considered in 
measuring diffusion. The use of beta 
brass saturated with copper as a source 


for the zinc in the previous investigation 


‘provided a metallographic indication of 
the exact extent of diffusion. Lacking a 
phase change, as in this investigation, 
diffusion penetration curves must be 
obtained for each sample to measure the 
amount of diffusion for each increment 
of time. While it was not the intention of 


centration gradient can be estimated 
during the period of 6 to 56 days (518,400 
to 4,838,400 sec.) and a diffusion coeffi- 
cient can be calculated. The following 
integration and calculated value for D 
is intended only as an approximation. 
Fick’s law states that dm = —DA 
(dc/dx) dt. Using a value of 0.0051 cu. in. 
(0.013 cu. cm.)* zinc for Am, unit area for A, 
190 per cent per inch (75 per cent per cm.) 
for average dc/dx, and 50 days (4,320,000 
sec.) for At, D is found to be 4 X ro-—? sq. 
cm. per sec. for zinc in a 22.5 per cent zinc 
alpha brass at 785°C. This is approxi- 
mately the value obtained in the previous 
paper. The 0.0051 cu. in. (0.084 cu. cm.) 
of zinc is equal to the difference in the 
two areas under the diffusion penetration 
curves on the high copper side of the inter- 
face (Fig. 3). In the absence of a phase 


* Gee authors’ reply to discussion, 
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change, the area on the high copper side 
can be more accurately measured than 
the area on the high zinc side. Note that 
the moving or true interface is used in this 


Pe ‘4 ; ort : * 
Fic. 4—SAMPLE TAKEN AFTER 56 DAYS. X 30. 
Interface tangent to right or high Zn side of 
Mo wires. 
Etched in NH,OH and H2Osz. ; 


calculation, which, together with the use 
of areas on the high copper side, permits 
a simpler calculation than that used in the 
previous paper. The slope of the two 
diffusion curves at the interface (Fig. 3) 
is averaged to obtain the value for dc/dx 
by using the shape of a plot of dc/dx 
versus amount of diffusion as obtained 
from more extensive data in the previous 
publication and choosing a value of 
dc/dx such that the same amount of 
diffusion took place with a greater value 
of dc/dx as with a smaller value. This 
approximation is much more accurate 
than an arithmetic average. 

In Fig. 4 the brass to the right of the 
interface is particularly susceptible to 
pitting. This is the side from which the 
zinc is diffusing to the left faster than 
the copper is diffusing to the right. Evi- 
dently the interface is not shifting to 
the right fast enough to give as high a 
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density as usually is observed in alpha 
brass of this composition. 

Before concluding, it is well to emphasize 
that the important part of this investiga- 
tion was not to get an approximate value 
of the rate of diffusion of zinc in alpha 
brass. The significant result was to demon- 
strate that when diffusion takes place in 
alpha brass the zinc diffuses much more 
rapidly than the copper. Such diffusion 
is accompanied by a shrinkage of the 
high-zinc alpha brass from which the 
zine is diffusing. The literature already 
contains proposed mechanisms by physi- 
cists and metallurgists that would permit 
unequal rates of diffusion of the two or 
more metals in substitutional solid solu- 
tions. Without discussing such mechanisms, 
it can be stressed that studies of diffusion 
and related phenomena consider an unequal 
interchange of solute and solvent atoms 
during diffusion and that a mass shift of 
metal including the interface may result. 
Diffusion formulas based on an equal 
interchange of solute and solvent atoms 
and a substantially stationery interface 
will be in error. 


CONCLUSIONS 


1. The rate of diffusion of zinc is much 
greater than that of copper in alpha brass. 


2. When zinc diffuses more rapidly. 


than copper in alpha brass the interface 
shifts, to compensate at least partially 
for the difference in rate. The possible 
shift in the interface should be recognized 
in studying diffusion in this and other 
alloys. 
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DISCUSSION 
(R. M. Brick presiding) 


R. SmMoLucHowsk1*—Since I have not seen 
this paper until today, I have not prepared a 
discussion. I should like only to point to the 
question of lattice defects and lattice vacancies. 
The paper indicates in a most convincing 
manner that diffusion is not only a question of 
movement of two kinds of atoms, but that 
there is also a third ‘‘constituent’’—the 
vacancies. To be sure, I never expected the 
influence of vacancies to be so large. 

We hope that similar experiments will be 
continued in order to confirm the influence of 
vacancies as indicated by these results. For 
instance, diffusion of a third element in a 
direction parallel to the interface may, under 
favorable choice of circumstances, help to 
correlate the presence of vacancies with 
diffusion. 


R. F. Meut{t—tThe early literature on dif- 
fusion has many references that purported to 
show that metal A diffuses into metal B at a 
rate different from that of B into A. In general 
the work upon which these conclusions was 
based was done under ill-defined conditions, 
and in any event in ignorance of the possibility 
of the variation of the diffusion coefficient with 
concentration. When good techniques for the 
determination of the diffusion coefficient were 
introduced this latter possibility was demon- 
strated. Diffusion data were then treated, 
first by Matano, with the proper form of Fick’s 
law, providing a variation of the diffusion 
coefficient with concentration; this solution was 
based upon the assumption that a given num- 
ber of atoms diffuse in either direction past a 
given lattice reference point. This assumption 


was made without experimental proof. If: 


atoms in substitutional solid solutions are 


viewed as diffusing by simple atom inter- 


change, however—perhaps the most likely 
mechanism—the assumption is obviously 
justified. 


* Carnegie Institute of Technology, Pitts- 


burgh, Pennsylvania. 
‘+ Director, Metals Research Laboratory 


Carnegie Institute of Technology, Pittsburgh, 
Pennsylvania. 
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Dr. Kirkendall’s work calls this assumption 
into question. If verified, this ‘Kirkendall 
effect”? would greatly modify not only the 
treatment of diffusion data but also the theory 
of the mechanism of diffusion. It would, for 
example, be no longer possible to represent 
diffusion data in a substitutional solid solution 
by one coefficient, applying to both metal 
atoms since the separate coefficients are equal, 
but one would have to show two coefficients, 
one each for each of the two metal atoms; the 
solution to the diffusion equation under these 
circumstances would be extraordinarily com- 
plex; and obviously this result would imply a 
diffusion mechanism differing from that of 
simple atom interchange. It is thus important 
to subject these results to rigorous inspection. 
The data that Dr. Rhines and I presented some 
years ago on diffusion rates in the alpha solid 
solutions of copper appear to be subject to 
careful analysis on this point; we hope to 
present such.an analysis shortly. If the Kirken- 
dall effect is confirmed, there is much to be 
done in investigating the relationships of the 
separate diffusion coefficients. 

With the opportunity that the cessation of 
the war is now giving for research upon funda- 
mentals, it may be hoped that the diffusion, 
of such fundamental importance in metal- 
lurgical phenomena, will receive much atten- 
tion. The field had only been broken open 
when the war began; many of the important 
questions remain to be answered. Of these, the 
old suggestion that the rate of diffusion may 
be controlled by the activity gradient rather 
than the concentration gradient, the point 
recently revived by Dr. Darken, surely needs 
careful study. Dr. Darken, you may remember, 
demonstrated a redistribution of carbon in a 
couple, composed of an alloy of carton and 
iron in one half, and of carbon, iron and silicon 
in the other half, in which the carbon concen- 
tration was the same in the two halves; this 
diffusion of carbon in the absence of a con- 
centration gradient was attributed to the effect 
of silicon upon the activity of iron. Dr. Darken 
also suggested that the variation of the dif- 
fusion coefficient with concentration may only 
reflect, at least in part, the variation of the 
activity with concentration. Dr. Birchenall, 
in our laboratory, is pursuing this subject 
for the alpha brasses, and we hope to be able to 
report upon it at the March meeting. 
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C. S. Smirx*—Can the authors give more 
information on the method of calculation of 
the movement of the interface resulting from 
lattice-parameter changes? A hasty calcula- 
tion based on atom-for-atom replacement of 
0.084 cc of zinc per square centimeter (the 
figure given by the authors on page 133) givesa 
volume change of 0.015 cc. Since the shrinkage 
is restrained in two directions and can only 
occur normal to the surface, there should be a 
linear shift of the interface by o.or5 cm, 
which is actually greater than that observed. 

In what atmosphere did the authors perform 
their annealing? Internal oxidation of the zinc 
might possibly account for some anomaly. 
Do the authors know of any work on the effect 
of pressure on diffusion coefficients? The 
existence of volume changes, irrespective of 
cause, would render diffusion highly pressure 
sensitive. 


R. F. Mrent—May I reply to that, Mr. 
Chairman, in defense of the authors? When we 
first received this manuscript we also thought 
that the surprising results must have originated 

‘in an error in calculation, somewhat as Dr. 
Smith suggests, but careful rechecking con- 
firmed the authors’ calculations. I think 
possibly some confusion would have been 
avoided if the authors had used more familiar 
computational methods. 


C, S. Smita—A recalculation of the change 
of volume resulting from zinc migration and 
known lattice parameters gives 0.0018 cm for 
the linear shaft due to zinc loss on the brass 
side, and 0.0035 cm for the shift due to zinc 
gain on the copper side of the interface. The 
weights of zinc used were 0.105 and 0,185 
grams per square centimeter, obtained by 
integration of the appropriate areas of the 
56-day curve in Fig 3. The figure of 0.084 cc 
given by the authors seems to be too high, If 
the density of the various layers after diffusion 
were less than the ideal lattice density, these 
figures would be in error by a considerable 
amount. The authors’ conclusion seems to 
be inescapable: the amount of zinc received by 
the copper is apparently more than the amount 


* Director, 
Metals, 
Illinois, 


_ Institute for the Study of 
University of Chicago, Chicago, 
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of zinc lost by the brass. The discrepancy can 
be explained only by assuming the presence of 
voids, not shown by chemical analysis or 
parameter measurements. Supposedly these 
voids do not equal in volume the sum of lattice- 
volume change plus the direct zinc transfer, 
but some sintering occurs that is responsible for 
the shift of interface observed. It is easy to 
conceive of the holes closing up, but their 
formation must first be accounted for. It 
seems highly unlikely that preferential associa- 
tion of one or the other atom with lattice 
vacancies would produce different transfer 
rates of copper and zinc atoms to the extent 
observed. There is, however, a more gross 
phenomenon that can be postulated. 

Consider a crystal of a solid solution in which 
diffusion has produced a steep concentration 
gradient. The lattice parameter must change 
locally-to conform to the new concentration, 
and this can occur by slip, by extended lattice 
dislocation, or by fissuring on a microscale in a 
manner analogous (except for crystalline 
directionality) to the cracking of a mud flat on 
drying. Slip can occur only with the cooperation 
of large numbers of atoms and is more difficult 
under the conditions of biaxial tension imposed. 
In any case, it cannot completely relieve the 
local strain any more than dislocations can. 
The local strains resulting from atom sub- 
stitution could be relieved, however, by the 
lattice’s breaking up into columns normal to 
the composition gradient and of size equal to a 
few tens or hundreds of atoms, depending on 
the gradient of lattice parameter. 

In a solid solution composed of nonvolatile. 
atoms, diffusion will be influenced by this 
fissuring only by the effect of the internal sur- 
faces. If, however, one of the diffusing atoms 
has a significant vapor pressure, * it will diffuse 
as a gas through the fissures in an attempt to 
eliminate the composition gradient; the effect 
will be a greatly enhanced diffusion rate for this 
element and removal of the restrictions of 
atom-for-atom interchange, which is required 
for lattice diffusion. 

If, for example, the zinc atoms are replaced 
by copper in the surface of a layer of 70-30 
brass, there is a 7 pct shrinkage in volume— 
2.2 pct lineally in all directions—far above that 


* 70-30 brass has a vapor 


pressure of Zn 
of about 30 mm at 800°C. ; 
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which can be accommodated by elastic de- 
formation. Though this deformation could 
occur macroscopically by plastic flow if the 
outside of the piece shrank the appropriate 
amount, a thin layer coherent with the under- 
lying lattice will be so restrained that local 
cracking requires less energy than extended 
slip. In our brass, once fissures have been 
formed, even locally, zinc can diffuse as a 
gas down them, the volume changes will be 
much greater (for zinc atoms are locally lost, 
not just replaced by copper), and crack forma- 
tion will be accelerated. This mechanism de- 
creases the composition gradient in the brass 
and provides zinc at or near to the original 
interface at a much more rapid rate than 
lattice diffusion possibly could, and it does not 
require replacement of each zinc atom by a 
. copper atom. 

If this model is correct, the diffusion curve 
in the crackable solid solution would be greatly 
diminished by external pressure sufficient to 
cause local plastic flow and close up the fis- 
sures. Moreover, it should be possible to cause 
any other gas to diffuse through the porous 
membrane resulting from lattice-decreasing 
diffusion. The latter is already known to be 
true, for chemists have been using diffusion 
membranes! made by vacuum evaporation 
of zinc from hot Cu-Zn and Ag-Zn alloys, and 
have estimated the pores to be of 10-* to 10-4 
mm in diameter, though they cannot be seen 

_ microscopically. Hydrogen and nitrogen will 
diffuse readily through dezincified brass while 
the larger benzene molecule is blocked. 

Though vacuum dezincification will main- 
tain very steep concentration gradients and 
hence promote extensive cracking, there seems 
to be no reason why cracking will not occur to a 
similar extent in solid-solid diffusion wherever a 

suitable gradient does exist. Intercrystalline 
cracks have been regarded by Mehl and others 
as responsible for erroneous diffusion coef- 
ficient values derived from concentration grad- 
 ients in vacuum dezincified copper-zinc alloys. 
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1D. L. Warick and E. Mack: A Copper 
Membrane Gas-Molecule Sieve. Jnl. Amer. 
Chem. Soc. (1933) 55») 1324-1332. 

“2N. V. Kultascheff and F. A. Santalow: 
Uber Metallmembran. Zisch. Anorg. Chem. 
I , 223, 177-184. 
e? 3 | Bad and M. Kilpatrick: Silver Mem- 
branes. Trans. Amer. Electrochem. Soc. (1938) 
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The role of mosaic structure and lattice 
imperfections in general have also been con- 
sidered in connection with diffusion, but the 
formation of actual cracks or fissures within the 
lattice of a single grain seems to have been 
overlooked. 

Since surface diffusion is likely to be more 
rapid than lattice diffusion, diffusion in any 
solid solution should be affected by lattice 
fissuring. It is known that diffusion rates are 
generally higher for solid solutions involving 
atoms differing most in size, and these would 
be the ones most likely to form fissures. Since 
surface-energy considerations produce some 
selective concentration at a surface, there is a 
possibility of producing differing rates of dif- 
fusion of the two atoms in a solid solution, an 
impossibility in lattice diffusion. Diffusion 
under very small concentration gradients 
should produce fewer or smaller fissures and 
hence the diffusion coefficient should be less 
than for the same concentration under large 
gradients. 

The displacement of the Matano interface 
from the original interface must be a result of 
differing diffusion rates for the two atoms, and 
not, as is commonly supposed, to changes of D 
with composition. The latter effect would 
produce differences in shape, but not in area, of 
the curve showing the composition vs distance, 
positive and negative, from the interface, at 
least if these are plotted in terms of the number 
of lattice planes regardless of the varying 
parameter. 

Fissures produced by the postulated mechan- 
ism would, of course, close up as a result of 
surface diffusion and whatever other forces 
are responsible for sintering. In diffusion the 
opening and closing forces would be operating 
simultaneously in competition; possibly on pro- 
longed diffusion the closing would progressively 
follow after the opening as the diffusion layer 
advanced. Fissures could also be produced 
even when the parameter increases, but they 
would then be ahead of the composition change, 
and supposedly would be closed as diffusion 
progressed; they would be harder to form than 
on a decrease of volume because of the lack of a 
surface at which cracks could be initiated in 
the part of the lattice under tensile strain. 
This issuring, if it is found to accompany 
diffusion generally, may well have practical 
significance. 
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L. S. DarKEN*—I should like to congratulate 
the authors for performing and reporting these 
highly significant experiments. They have pre- 
sented indisputable evidence that the diffusion 
of one metal in another cannot be represented 
adequately in terms of a single d‘ffusivity. 

In order to establish the unambiguous nature 
of this finding, it is only reasonable to test 
the data in a variety of ways and investi- 
gate the possibility of other interpretations. 
In the first place, if the notion of the 
original boundary is to be attributed to 
diffusion under these conditions, the displace- 
ment would be proportional to the square root 
of the time. If the data of Table 1 are so 
plotted (shift of interface versus square root of 
time) an essentially straight line is obtained; 
another way of stating the same thing is that 
the slope of the best straight line through the 
logarithmic plot of Fig 2 is one half. In the 
second place, the intersection of the two curves 
in Fig 3 should be at zero distance; it is clear 
that it is. 

Some time ago Pfeil‘ pointed out that foreign 
particles placed or fallen on a piece of steel 
during scaling are enveloped and eventually 
buried in the scale. On the basis of this and 
other phenomena, Pfeil concluded: ‘These 
experiments show conclusively that as oxida- 
tion proceeds the first formed scale is not forced 
outwards by the expansion accompanying the 
formation of further scale, but that in some way 
the newly formed scale is deposited on the outside 
surface of the previously formed scale.’’ (Pfeil’s 
italics.) The hypothesis developed is: “At 
the iron-scale interface, iron is continually 
being dissolved in the scale (that is, iron is 
being converted into oxide, which then forms 
part of the scale deposit), forming an iron-rich 
- solid solution, and diffusion of the iron occurs 
outward through the scale to the scale-air 
interface.” This hypothesis was regarded by 
Pfeil as in contrast to the viewpoint that 
oxygen dissolves in the scale and diffuses 
through the scale to the underlying metal. 

Thus Pfeil clearly recognized that, in order 
to understand scale growth on steel or iron, 
more was necessary than a knowledge of a dif- 
fusivity common to oxygen and iron. It was 
clear to him that several observable scaling 

* United States Steel Corporation, Research 


Laboratory, Kearny, New Jersey. 
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phenomena could not be interpreted in terms of 
oxygen diffusion through scale but could be 
explained easily in terms of iron diffusion. The 
results of later X-ray work® on wiistite dis- 
closed that its variable composition is attribut- 
able to a greater or lesser deficiency of iron 
atoms from the appropriate sites. Thus it is 
proper to speak of a deficiency of iron atoms 
rather than an excess of oxygen atoms in 
wiistite. This deficiency of iron atoms provides 
vacant sites near a large fraction of the iron 
atoms. Into these vacant sites they may readily 
move—thus their mobility is accounted for. On 
the other hand, the oxygen sites are all (or very 
nearly all) occupied so that the oxygen atoms 
have no place to which they may readily move 
and hence are relatively immobile. 

It has since been shown‘ that the Ag-S tarnish 
on silver grows by migration of silver ions 
through an essentially stationary sulphide 
lattice. In general, cations rather than anions 
are more mobile in scale and tarnish. 

Thus it has been recognized for some time 
that in scale and tarnish the mobilities of dif- 
ferent ions are not equal and that this inequal- 
ity may be determined experimentally, and 
lead to phenomena that may not otherwise be 
interpreted. It would seem odd that the same 
thing was not generally recognized and 
accepted for diffusion in the metallic state. 
However such was essentially the situation 
until Smigelskas and Kirkendall clearly demon- 
strated that the mobilities of the various con- 
stituents may be different in magnitude in the 
case of an alloy just as in the case of a scale. 
The porous wiistite found by Pfeil inside the 
original interface has as its counterpart in the 
present investigation a brass, inside the original 
interface, that is particularly susceptible to 
pitting; also, the burying of foreign particles 
during scaling has its analogue in the recession 
(burying) of the molybdenum wires. The 
reason it was so difficult to be convinced of 
this phenomenon was perhaps the more or 
less prevalent notion that diffusion in metals 
takes place by interchange of metallicions, 

The present investigation shows clearly that 
diffusion does not occur (exclusively) by the 
mechanism of interchange of atoms on adjacent 
_ §See, for example, H. J. Goldschmidt: Jnl. 


Iron and Steel Inst. (1942) 146, 157-P and 
discussion. 


®C, Wagner: Zisch. Phys. 


Chem. (1 
B-21, 25 and 42, and others. (1933) 
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sites. The most likely mechanism of diffusion 
then seems to involve the motion of disloca- 
tions. This would necessitate the postulate 
that dislocations are present even in crystals 
of pure metals and that their number increases 
from some value in the pure metal to larger 
values as alloying constituent is added. 

As the Goldschmidt atomic diameter for 
copper is 2.55, whereas that for zinc is 2.75, 
it is clear that the introduction of a zinc atom 
into copper creates a crowding of atoms, a 
situation favorable to a negative dislocation 
(vacant lattice site, or more generally a region 
in which there are fewer atoms than expected 
from the average lattice parameter). 

It should be pointed out that Steigman, 
Shockley and Nix’ in discussing their measure- 
ment of the self-diffusivity of copper lay stress 
on ‘the fact that this self-diffusivity is (at 
800°C) only about one tenth as great as the 
diffusivity of zinc at low concentration in 
copper. This fact is very unfavorable evidence 
for the atomic interchange theory of diffusion. 


139 


where m2 and m are the concentrations in 
gram-atoms per unit volume; V, and NM, the 
atom fractions; V the gram-atomic volume 
and x the distance in the direction of diffusion. 
N is Avogadro’s number. The ratio of these 
two rates is 
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In view of the Gibbs-Duhem relation that 
N dF, + NodF2 = o the above reduces to 
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that is, the ratio of the forces acting on the 
zinc and copper at any given point is the same 
as though the solution were ideal and any 
difference in the amounts of copper and zinc 
to cross any plane fixed in the lattice must be 
attributed to differences in the mobility B 
and not to any departure from ideality of the 


TasLe 4—Materials Balance of Two Sides of Molybdenum Wires (56-day Sample) 
All masses are per square centimeter of diffusion 


Z Cu 
Density, Total te 
State Grams Cm Hlesee 
per CC cae Pct Grams Pct Grams 
Brass 
initial states we Cae cebin fis 8.16 0.3684 3.006 30.5 0.917 69.5 2.089 
rmalstabe tit vcctattow, sichers Merete 8.21 0.3560 2.923 26.5 0.775 73-5 2.148 
(CABEEE Saat ce ae Dies ee —0.0124 | —0.083 —0.142 +0.059 
Copper, final state...... 0.176 


In order to compare the relative rates of 
motion of copper and zinc in the present experi- 
ment, let us first write the relations for the 
rate of flow in terms of the mobility B (the 


~ yelocity of an atom under unit force) and 


the partial molal free energy F [subscripts r and 
2 referring to solvent (copper) and solute (zinc) 
respectively]. The rate of flow (re) of zine in 
gram-atoms per second per unit cross section is: 


at ne dF, _ N» dF. 
ie Bennige ey as 
_ and similarly that of copper is 
ny dF NM, 4F; 
ig sds 


solution except as this may influence the 
mobility. From Eq 2 it is clear that the ratio 
of mobilities is equal to the ratio of the total 
amounts of zinc and copper that passed the 
original interface (plane defined by molyb- 
denum wire) in the present experiment. 

This calculation of the ratio of Zn and Cu 
that crossed this interface (and hence of the 
ratio of mobilities) may be performed with the 
aid of Table 4, (distance on brass side being 
measured from a point 0.1630 cm from the 
center). The loss of zinc from the brass side 
(0.142 gram) should of course check the gain of 
zinc by the copper side. Integration of the left 
area (Fig 3) gives the gain of zinc by the copper 
side as 0.176 grams per square centimeter. 
This discrepancy of 0.034 gram does not seem 
serious. The ratio of the mobility of zinc to 
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that of copper at the composition of the inter- 
faceis thus 0.142/0.059 X 63.6/65.4 = 2.3. 

By combining relations 1 with Fick’s law, 
it is found that 


din v2 
dN2 


D2 = kTBz (« +N. [34] 
where 72 is the activity coefficient of zinc. The 
activity coefficient may be evaluated from the 
data of Hargreaves.® Taking y2 = 1 at infinite 
dilution, y2 = 3 at 22.5 pct Zn (the composition 
of the interface); the term in parenthesis has a 
value about 6. From the data of Rhines and 
Mehl’ it is found that De increased by a factor 
of about 20 as the zinc concentration increased 
from a low value to 22.5 pct. Thus it is seen 
from Eq 3A that Bz must be about three times 
as great as 22.5 pct zinc as at low percentage 
zinc. As this is the same increase as that in 
Y2it might be supposed that Bz is proportional 
to ye. Such supposition leads to the approxi- 
mate relation 


Dz = D2 y2(x + In Y2) 


or 
aes 
; dx 
or 
ON2 _ » 7a 
Eteetd er 


as proposed several years ago.® 

If the proportionality between activity coef- 
ficient and mobility is general (it appears to 
hold also for carbon in gamma iron), it should 
be true for the copper as well as the zinc in 
brass. In order to test this, we write first the 
counterpart of 3A for copper: 


Dy = ETB, (« Vs one) [3B] 


dN, 
Dividing 3A by 3B, and again using the Gibbs 
Duhem equation, 


D2/D, = B2/B, [4] 


Then, from the fact that at low concentration 
of Zn,Dsz is 10 times D,, it follows that at low 
concentration the mobility of zinc is 10 times 
that of copper; at 22.5 pct zinc, the mobility 


§ Jnl. Inst. Metals (1939) 64, 115. 
7 Trans. AIME (1938) 128, 185. 
§L.S. Darken: Trans. AIME (10942) 150, 157. 
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of zinc has been shown from the present experi- 
ment to be 2.3 times that of copper; and the 
mobility of zinc is three times as great as 22.5 
pct as at o pct. The following table of relative 
mobilities (at 800°C) may thus be constructed: 


22.5 Pct Zn 


13 
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The addition of 22.5 pct Zn has increased the 
mobility of copper by a factor of 13 whereas 
the activity coefficient of copper decreased (by 
perhaps 20 pct). Therefore it may be concluded 
that the proportionality between activity 
coefficient and mobility is not general. 


E. W. Patmer*—I should like to ask a 
question regarding the conditions under which 
your samples were annealed. Have the authors 
considered the possibility that oxygen diffused 
through the copper during anneal, and formed 
a zinc oxide subscale in the region of the 
interface? 


M. R. Herman t—The authors of this paper 
observe that the interface between the electro- 
deposited layer and the parent brass migrated 
during diffusion of the copper and zinc, and 
conclude that this phenomenon is due to a 
difference in the rates of substitutional diffusion 
of zinc and copper in alpha brass. Identical 
phenomena have been observed in diffusion 
studies of alpha aluminum bronzes, which sub- 
stantiate the existence of such a condition. 
The author of this discussion, under the. 
guidance of Prof. Clair Upthegrove, met with 
an unexpected but systematic discrepancy in 
the diffusion curves of aluminum bronze. The 
curves of the same materials at different dif- 
fusion times but at the same temperature did 
not cross at the observed locations of the 
interfaces as it was thought they should. When 
the depth of penetration was taken as unity 
(no matter what its actual depth measured) in 
each case, the curves all coincided at a point 
appreciably distant from the observed inter- 


faces. When Dr. Kirkendall first suggested a — 
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DISCUSSION 


migration phenomenon, the technique used 
for the aluminum bronze studies was adapted 
to determine whether it was taking place also 
in that program. 

The movement of the interface was deter- 
mined directly on specimens with a }%-in. 
thick rectangular section. This was accom- 
plished by applying an Ames dial to the moving 
stage of a metallographic camera. The accuracy 
of this method, better than o.ooor in., was 
checked with dummy specimens of similar 
size having a previously measured thickness. 
It was found that the ratio of the log of migra- 
tion to the log of total penetration remained 
constant with time. The data obtained from 
this investigation, at two temperatures, are 
summarized in Table 5. The values pertain to 
6 pct aluminum alpha bronze. 


TABLE 5 
| Interface 
Temperature of Diffusion F 1 
Diffusion, Coefficient, ng eats ey 
Deg. C Sq. Cm per Sec eatibne 
931 See eee Ts2 
846 SOON! 7.6 
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* @ Based on the distance between the original posi- 
tion of the interface and the depth at which the 
composition of the alloy had reached that of the 
basic metal. The migrating interface remained quite 
distinguishable if a proper etchant was used. 


From practical standpoints, the diffusion 
coefficient of interest is the one representing 
diffusion from the original position of the 
interface. It is that value that appears in 
Table s. 


Ernest KIRKENDALL (author’s reply)— 
The authors are very grateful for the excellent 


discussion their paper has received. In present- 


ing the data reported it was hoped that others 
would suggest further interpretations of the 
data and would carry out additional experi- 
mental work leading to a more adequate 
explanation of the mechanism of diffusion. 
As a matter of fact, some of the questions 
raised in the discussion can be answered only 
through such additional experiments. The 
paper by Doctors Mehl and Birchenall will 
be very welcome. 

In reply to Dr. Smith’s and Mr. Palmer’s 
questions, the specimen was heated in a drilled 
hole in a cast-iron block placed in an electric 
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furnace. Charcoal was placed in the furnace, 
but not in contact with the sample, to reduce 
the scaling. It is possible that oxygen could 
have diffused through the copper to the brass; 
however, the authors doubt that an appreciable 
difference in the data would have been ob- 
served if an inert atmosphere had been used. 

The micrometers and gauges used by the 
authors read in inches and the original calcula- 
tions and those shown in the manuscript were 
carried out in inches. The confusion that 
resulted, as mentioned by Dr. Mehl, led the 
authors to include both units in the printed 
paper. One error on p. 4 of the preprint (p. 133) 
occurred and for which the authors wish to 
apologize to Dr. Smith. The 0.0051 cu in. was 
converted to 0.084 cu cm by multiplying by 
2.54 Cubed, not noticing that the equation 
called for per unit area and the above value 
should be divided by 2.54 squared to convert 
square inches to square centimeters. ‘The 
correct value is 0.013 cu cm of zinc diffusing 
into the copper during the interval of time 
between 6 and 56 days. 

The authors estimated the expected shift 
in the interface due to the change in lattice 
constant accompanying the change in com- 
position as follows: The lattice constant for 


- the original 30.5 pct brass is 3.674 and for the 


22.5 pct brass at the interface is 3.656. Since 
the composition gradient is roughly linear on 
the brass side of the interface, the average 
lattice constant on the brass side of the affected 
zone is 3.665. The relative change in lattice 
parameter is 3.674-3.665 divided by 3.674 
or one fourth of 1 pct. Since about 0.17 in. 
(0.43 cm) is the extent of the affected zone, 
one can expect an interface shift of 0.0004 in. 
(o.oor cm). This represents less than 10 pct of 
the observed shift, and this value was noted in 
the paper. Dr. Smith points out that the shrink- 
age is restrained in two directions and can occur 
only normal to the surface. Since the volume 
coefficient is roughly three times the linear 
coefficient this density change could be ex- 
pected to account for 30 pct of the shift instead 
of the 10 pct mentioned, but in any event does 
not in itself explain the observed shift in the 
interface. 

Dr. Smith’s comments regarding the flow 
of zinc as a vapor through voids are certainly 
pertinent and it will be interesting to see results 
of experiments in which pressure is applied. 
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Mr. Herman’s discussion on a similar experi- 
ment using aluminum bronze is helpful in this 
connection. Together with qualitative experi- 
ments using tin bronze performed by the author 
they constitute evidence that diffusion of the 
vapor through voids probably does not explain 
all of the observed high rate of diffusion of 
zinc in brass, since aluminum and tin have 
much lower vapor pressures than zinc. Dr. 
Smith mentioned the fact that surface diffusion 
is greater than solid diffusion, and this might 
bea factor in all three cases if voids are formed. 

The analogy of this experiment to the scaling 
of steel ard the tarnishing of silver pointed out 
by Dr. Darken is very interesting. His calcula- 
tions of mobility were appreciated. The authors 
would like to carry them a little further. 
Without attempting to set a density for the 
brass before and after diffusion, as Dr. Darken 
did in his materials balance table, the authors 
would like to point out the effect of a decrease 
in density of the brass side following diffusion. 
To this end the following discussion is pertinent: 

In any method involving graphical integra- 
tion of areas in plots of composition versus 
distance, changes in density cause errors. 
Neglecting this, the area on the left of the 
interface should equal the area on the right 
plus 30.5 pct zinc times the shift in the inter- 
face. Since this is not true, the authors believe 
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that the interface should have shifted more, or 
rather, since it did not shift more, voids were 
left on the high zinc side, producing a lower 
density. 

Now referring to Dr. Darken’s material 
balance table, use the first row just as he has it. 
In the second row assume a one per cent 
decrease in density instead of an increase or 
8.08 grams per cu cm. Using the 0.3560 cm in 
the second column gives a value of 2.878 
grams in the third column. Using 27 pct Zn 
in the fourth column instead of 26.5 pct. since 
the curve in Fig 3 is not linear between 22.5 
and 30.5, a value of 0.777 gram Zn appears in 
the fifth column. The values for the next two 
columns are 73.0 and 2.099. Subtracting 
0.777 from 0.917 leaves 0.140 gram Zn and 
subtracting 2.089 from 2.099 leaves 0.010 
gram Cu. Using these values as Dr. Darken 
did, a relative mobility of 13.6 of zinc to copper 
in 22.5 pct brass is obtained. This would give a 
relative mobility of 2.2 for copper in a 22.5 
pct zinc brass in Dr. Darken’s mobility table 
based on copper as one. It is obvious that a 
slightly lower assumed value for the density 
of the brass after diffusion would have given 
a mobility less than one for the copper, and it 
is, therefore, possible that a proportionality 
between activity coefficient and mobility 
exists for brass. 
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Thermodynamic Activities and Diffusion in Metallic Solid Solutions 


By C. Ernest BIRCHENALL* AND Ropert F. MEsL,} MemBper AIME 


(New York Meeting, March 1947) 


APPLICATION of diffusion laws in the 
customary form to experimental studies 
in binary metallic solid solutions has 
shown the diffusion coefficient to vary 
with concentration for all systems in- 
vestigated. The factors determining this 
variation have not been ascertained. 
However, the question of whether the dif- 
fusion coefficient would become a constant, 
independent of concentration throughout 
a single phase if the concentration gradient 
in the diffusion equation were replaced 
by an activity gradient has been an at- 
tractive subject for speculation. 

Wagner! derived an expression for the 
force acting on a diffusing particle in 
terms of the chemical potential. This 
was also the approach chosen by Jost? 


in his monograph. From a somewhat 


different point of view, Eyring* and his 
co-workers have used activity gradients 
when dealing with diffusion in concen- 
trated nonideal solutions. The only actual 


- test with experimental data is that given 


by Darken,* though this is more qualita- 
tive than quantitative. Many others 
opposed the application in any way of 
thermodynamic concepts to kinetic phe- 
nomena, including diffusion processes. 

A rigorous examination of this principle 


requires good data expressing the relation- 


a pe 
ony 


ship between activity and concentration 
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* Member of Staff, Metals Research Labora- 
tory, Carnegie Institute of Technology, Pitts- 
burgh, Pennsylvania. 


“+ Director, Metals Research Laboratory, 


and Head, Department of Metallurgical Engi- 


neering, Carnegie Institute of Technology. 
1 References are given at the end of the paper. 


for solid solutions for which reliable 
diffusion work has been done. The literature 
provides such information only for the 
interstitial solution of carbon in gamma 
iron (austenite) and for the substitutional 
copper-zinc solutions (alpha brass). 

Activity data for carbon in austenite 
at 800°C and 1o000°C are available from 
the recent work of Smith® on the equilib- 
rium of hydrogen-methane and carbon 
monoxide-carbon dioxide mixtures. with 
gamma iron. Combining these with the 
diffusion studies of Wells and Mehl® 
makes possible a quantitative test for 
this interstitial solid solution. 

The vapor-pressure determinations for 
zinc over brass by Hargreaves’ allowed 
the calculation of activities in this system 
over a wide range of temperatures and 
concentrations. Extensive investigation of 
diffusion in this substitutional solid solution 
has been carried out by Rhines and Mehl.® 


ACTIVITIES IN Brass? 


If the vapor phase of zinc is assumed 
to behave as an ideal gas, any solid or 
liquid solutions that are in equilibrium 
with the same partial pressure of zinc 
at-the same temperature have the same 
thermodynamic activity of zinc. In order 
to assign a numerical value to the activity 
dzn, it is necessary to choose some standard 
reference state to which an activity value 
of unity is arbitrarily assigned. It is 
customary to choose the liquid or solid 
state of the pure material. Then dz, is 
defined numerically by 


Gis St al Pont [1] 
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where Pz, is the partial pressure of zinc 
over the solution under consideration 
and Pz,° is the vapor pressure of pure 
zinc at the same temperature in the chosen 
standard state. 

If the mol fraction of zinc in the solution 
is Nzgn, the activity coefficient, yz, is 
defined by the equation 


[2] 


If this were an ideal solution of zinc, 
where the interactions of the zinc atoms 
with the other components are the same 
as in pure zinc, the partial pressure of 
zinc in equilibrium with the solution 
would be proportional to the mol fraction 
of zinc atoms in solution. In this limiting 
case Yzn would be unity. Greater attraction 
of the zinc atoms for the surroundings 
will be characterized by a decrease in 
activity, or Yzn less than unity. These 
cases are designated as negative deviations 
from Raoult’s law. Positive deviations, 
Ym. greater than unity, correspond to 
increased activity or weaker attraction 
between zinc and its surroundings than 
would exist in an ideal solution. 

For a binary system, in this case copper 
and zinc, the Gibbs equation 


Nzn Nun 
In-you = — ff In 57 4 In Ym 


Yn dzn/ Nan 


[3] 


makes possible the calculation of the 
activities of one component when the 
activities of the other are known. 
Employing these equations, the vapor- 
pressure data for zinc in brass given by 
Hargreaves, and the equations of Maier! 
for the vapor pressure of pure zinc, the 
activities and activity coefficients for 
zinc and copper in brass were calculated 
over a wide range of temperatures and 
concentrations A few additional values 
were obtained from the paper of Schneider 
and Schmid,!! who based their calculations 
of activity on the data for pure zinc from 
the Landolt-Bornstein tables determined 
by Braune, Heycock, Lamplough, and 


Egerton. When recalculated using Maier’s 
values, the same results were obtained. 

Table 1 gives the activities and activity 
coefficients for zinc in brass as a function 
of concentration and temperature referred 
to liquid zinc as the standard state. These 
data are plotted on the brass-equilibrium 
diagram in Figs 1 and 2. Table 2 contains 
the activities and activity coefficients for 
copper obtained by graphical integration 
of the Gibbs equation. 

Examination of the data reveal the fol- 
lowing: 

1. For the copper-rich end of the 
diagram the activity coefficients of zinc 
are much less than unity, increasing 
toward unity with both increased tem- 
perature and zinc concentration. Above 
80 pct Zn and 700°C the activity coeffi- 
cient of zinc is practically unity. 

2. The activity coefficients of copper 
in brass are everywhere less than unity, 
increasing toward unity with increasing 
copper concentration and temperature. 
Above 80 pct Zn and 700°C the activity 
coefficient of Cu is practically constant. 

The tendency for activity coefficients 
to shift toward unity with increasing 
temperature is normally to be expected 
in nonideal solutions. 


Diffusion Theory 


The customary form of Fick’s first 
diffusion equation is 


an [4] 


for the one-dimensional case; that is, 
flow in only the x direction. P is the 
quantity of material flowing through a 
unit area per unit time when the con- 


: ; 06 ; 
centration gradient is as It is called the 


permeability. Customarily, c is taken 
as the mass per unit volume, and the 
quantity of material is measured in mass. 
However, it will be convenient here to 
measure quantity as a number of atoms. 
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C. ERNEST BIRCHENALL AND ROBERT F. MEHL 


As long as it is understood that we always 
refer to unit volume, c may be expressed 
as an atomic fraction. If only one com- 
ponent moves, the conversion from the 
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distance dx apart and examines the rate 
of accumulation of diffusing material 
within this volume and the planes are 
considered to be infinite so that no end 


TABLE 1—Activity of Zinc in Brass (with Respect to Liquid Zinc) 


Atomic 
Pct Zn 
0,012 |T°C830 878 976 
@ 0.0015} 0.00174 | 0.00201 
Y 0.125 | 0.145 0.167 
0.052 747 785 864 905 965 
0.0042] 0.00513 | 0.00600 | 0.00654 0.0073 
0.0809] 0.0986 0.115 0.126 0.140 
0.004 703 741 809 844 8905 952 
0.0079] 0.0090 0.0114 0.0125 0.0145 0.0124 
0.0894] 0.0958 0.121 0.133 0.154 Ontse2 
0.144 663 699 762 793 840 867 913 
0.0144] 0.0167 0.0205 0.0232 0.0263 0.0294 0.0301 
0.100 | 0.116 0.142 0.161 0.183 0.204 0.209 
0.195 639 672 733 763 808 836 877 930 
0.0218] 0.0250 0.0301 0.0338 0.0390 0.0415 0.0439 0.0515 
Oult2 | oOo. T28 0.154 0.173 0.200 0.213 0.225 0.264 
0.255 607 640 699 727, 772 796 836 888 947 
0.0390] 0.0431 0.0499 0.0569 0.0595 0.0675 0.0605 0.0781 0.0870 
0.153 | 0.169 0.196 O.223 0.234 0.265 0.273 0.306 0.341 
0.317 579 610 665 691 732 756 793 840 894 
0.0685] 0.0741 0.0845 0.0927 0.1042 0. IIOL 0.1162 0.1315 0.1460 
0.216 | 0.234 0, 266 0.292 0.329 0.348 0.367 0.415 0.460 
0.373 550 582 638 668 714 747 781 831 886 
0.1247] 0.1290 0.1321 0.1347 0.1333 0.1260 0.1343 0.1470 0.1600 
0.334 | 0.346 0.354 0.361 0.358 0.338 0.360 0.394 0.429 
0.395 550 582 638 668 714 747 776 825 879 
0.1247| 0.1290 0.1321 0.1347 0.1333 0.1260 0.1444 0.1562 0.1725 
0.316 | 0.326 0.336 0.341 0.338 0.319 0.366 0.395 0.436 
0.453 543 573 626 653 691 715 747 795 848 
0.1450] 0.1540 0.1667 0.1723 0.1887 0.1973 0.2100 0.2260 0.2410 
0.320 | 0.340 0.368 0.381 0.416 0.436 0.464 0.4909 0.532 
0.481 535 563 616 642 679 703 735 780 831 
020 7.2:2)00. 1887 0.2000 0.2080 0.2272 0.2342 0.2500 0.2730 0.2940 
0.358 | 0.392 0.416 0.433 0.472 0.487 0.520 0.567 0.611 
0.504 527 555 607 632 670 693 724 768 
0.2081] 0.2230 0.2342 0.2460 0.2600 0.2728 0.2876 0.3155 
0.414 | 0.443 0.465 0.489 0.516 0.542 0.570 0.627 


ant 


‘number of atoms to the mass of this 


number of atoms is simply multiplication 
by the atomic mass. 

D, the diffusion coefficient, is usually 
expressed in units of square centimeters 
per second. For diffusion in most metallic 
solid solutions it has been observed that the 
diffusion coefficient is not a constant 


“over a range of concentration but varies 


with concentration. 
Tf one takes two parallel planes a 


effects enter, the second Fick equation 
may be deduced from the first. 


oP ) = a dc 
p—(P+S- as =a, Uae 
0c > ( 0c 
Cele rae D5,,) a [5] 
LE ey 
dt Ox as [6] 


the second equation of Fick, where ¢ is time. 
The boundary conditions in which we are 
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TABLE 2—A ctivity of Copper in Brass 


Noga 700° 800° 830° 850° 900° 
Gamma Cu 
100 I.00 1.00 1.00 I.00 I.00 
95 0.988 | 0.991 | 0.992 | 0.993 | 0.994 
90 0.963 | 0.968 | 0.970 | 0.971 | 0.974 
85 0.927 | 0.929 | 0.932 | 0.935 | 0.939 
80 0.882 | 0.883 | 0.890 | 0.891 | 0.897 
75 0.815 | 0.826 | 0.828 | 0.831 | 0.835 
70 0.732 | 0.738 | 0.741 | 0.754 | 0.763 
65 0.646 0.696 
60 0.663 0.709 
55 0.578 0.601 
50 0.474 0.515 
45 0.408 0.459 
40 0.373 0.431 
30 0.270 0.350 
20 0.115 0.201 
° 0.115 0.200 
Activity Cu 
100 I.00 I.00 I.00 I.00 I.00 
95 0.939 | 0.942 | 0.942 | 0.943 | 0.944 
90 0.867 | 0.871 | 0.873 | 0.874 | 0.877 
85 0.788 | 0.790 | 0.792 | 0.795 | 0.798 
80 0.706 | 0.707 | 0.712 | 0.713 | 0.718 
75 0.613 | 0.620 | 0.621 | 0.623 | 0.626 
70 0.512 | 0.517 | 0.519 | 0.528 | 0.534 
65 0.420 0.452 
60 0.308 0.425 
55 0.317 0.331 
50 0.237 0.258 
45 0.184 0.207 
40 0.150 0.172 
30 0.081 0.105 
20 0.023 0.040 
° ° ° 
interested are usually 
C = Coforx =otox = —~ ati=o. 
Caso tories 10) (Olt — Cont 01 


Boltzmann showed that all solutions 
satisfying these boundary conditions will 
contain C as a function of a single variable 
d, where’ 


he oe 
/t 


Transforming Eq 6 we have 


NOGHEE.O ( 0c 
adh mL NOs U7] 
which integrates to 
I 0c 
— r= ly d= Da 


1 ON I Ox 
D=— 1S [rdw — ES f sac [8] 


To solve for D(c), the experimentally 


determined c-x curve is plotted for a given 
time and the appropriate interface* chosen. 
D is then evaluated as a function of con- 
centration by graphical integration. 

If, as has been suggested, the rate of 
diffusion is controlled by an activity 
gradient rather than a _ concentration 
gradient, the following analysis, due to 
W. A. Johnson,!® may be applicable. He 
rewrites the first Fick equation in the 
form 


ei are [9] 


But 


dye _ dc, ay _ a | av ae 
Ox © 2 Sorte’ jai et eater Ox 
~ (y 4 ga) & 
= (v4.62 Ox 


so 


Following the same reasoning as in the 
previous case, we find 


OC ad OY \ dc 
aL -2|p, (y+ 6% se | [10] 


owe — lke fea] 
+5" 
Y 0c 


at 0c 

_*The_ Grube method involves integra- 
tion of Eq 6 assuming that D is independent 
of concentration, choosing an interface at 
which the concentration is midway between 
the concentrations of the two original halves 
of the couple, then solving for D for the experi- 
mental points on the curve. Since D is then 
found to vary with concentration, the method 
is undesirable. 

Matano!l chose an interface corresponding 
to the transfer of equal amounts of one com- 
ponent in one direction and the other com- 
ponent in the opposite direction. Then we have 


co c(x = 0) 
xd¢ = — ij xdc, or 
c(* =0) iy 


co 
is +0G =10 
—-o 


The interface usually is determined graphically 
by measuring the area under the x-c curve. 
This makes possible graphical determination 
of D as a function of concentration using Eq 8. 


Ph 6 eee 


ee 


you Bethe 


ee Pee Ty ee es 


C. ERNEST BIRCHENALL AND ROBERT F. MEHL 


Comparison of Eqs 8 and 11 reveals that 
D(c) 


Dy a a 
oy 
(y+ 02 


[12] 


If the activity gradient is then the con- 
trolling factor in diffusion, D, should be 
constant over the range of concentration 
corresponding to a single phase for the 
case where only one component moves. 
Such a system would be the interstitial 
solution of carbon in iron. 

Glasstone, Laidler, and Eyring? em- 
phasize that in a system where more 
than one component is involved in the 
rate-determining process of diffusion new 
factors containing the activities of the 
other components will also appear in the 


0 
equation. If we regard the term (v Se oan) 


as a probability factor* expressing the 
fraction of a given number of atoms 
that will jump under existing concentration 
and activity conditions, the over-all 
probability when two different atoms 
must jump together will be a product of 
two such probability factors, one for each 
component. 

In a binary substitutional solid solution 
the diffusion coefficient represents the 
behavior of both components. For this 
_ reason, any solution for this case must be 
symmetrical with respect to the two 
constituents. A modified form of the 
_ first Fick equation satisfying these condi- 
tions is 


s 0 
4 P= —Dj.2 (ns se a St) 
te) d 
(y2+ 29%?) 251 


This is completely symmetrical because 
dc, = —dce, where x is now measured in 


the reverse direction. 


*Since y = eAr/eT, where AF is the differ- 
ence in free energy for a mol of component in 


real solution and ideal solution, this is a reason- 
able idea. For a more extended discussion along 


_ this line see reference 3. 
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Again following the same analysis as 
for the derivation of Eq 8 we find 


0c (a) 
3 = oy LD (n+ 5%) 
0 Oc 
(1+ 4 a ales 
which gives the desired result: 
D(c) 


Dy = [r5 


(n aie a an Y2+ C2 dts 


This, then, is the equation that should 
apply to substitutional solid solutions; 
e.g., alpha brass. 


COMPARISON WITH EXPERIMENT 


Self-diffusion.—Since the activity of 
one isotope mixed with others of the 
same element should be unity regardless 
of concentration, diffusion should obey 
Eq 8. This is generally accepted, and no 
contradictory evidence has been reported. 

Interestial Diffusion; Carbon in Austenite. 
Diffusion of the components in an inter- 
stitial solution should occur reasonably 
independently. The smaller interstitial 
atoms would be expected to migrate 


‘more rapidly under the gradient because 


of size and because many vacant inter- 
stitial positions will be waiting to receive 
them, and because large gradients are 
possible. The lattice atoms, on the other 
hand, must exchange with other lattice 
atoms or diffuse into the relatively small 
number of vacant lattice sites. Since the 
solutions are generally dilute in inter- 
stitial component, large gradients of the 
lattice component are not possible. Finally, 
of course, they are much larger and produce 
greater local distortion on moving. 

It would appear that diffusion in 
interstitial solid solutions should obey 
two independent equations, one of type 
12 and one of type 15, where 


D 


ot) 
(12 = 2 Bey 


Dy» = 


150 THERMODYNAMIC ACTIVITIES AND DIFFUSION IN METALLIC SOLID SOLUTIONS 


for “self-diffusion” of the lattice-point 
atoms. However, because of the limits on 
the gradients possible for the lattice com- 
ponent, the latter should approach very 


S 


D, X10’ cm? PER SECOND 


vt x 10% 


to Eq 12, using activities for carbon 

from the data given by R. P. Smith.® 
Calculations —The D values for 800°C 

resulted from averaging the values given 


a 


Fic 3—D, versus 1/T FOR CARBON IN AUSTENITE. 


closely to the behavior described by Eq 8. 
Interest, therefore, centers in the diffusion 
of the interstitial component and its de- 
pendence on concentration and activity. 
The variation of diffusion coefficients 
with concentration for carbon in austenite 
when calculated on the basis of the Grube 
and Matano solutions of Eq 8 has been 
determined by Wells and Mehl.® Table 3 
gives these values for D as well as those 
for D, obtained by correcting D according 


for Wells and Mehl samples 12, 13 and 14. 
At 1000°C an average curve for D versus 
concentration was drawn for samples 8, 
10, 35 and 36 and from this D was read 
off at intervals of o.t wt pct carbon. 
The other D values are those given in the 
text, those in parentheses are results of 
the application of the Matano solution, 
the remainder results of the Grube method. 

Activity data for 800° and 1000°C were 
taken directly from Smith’s paper. At 
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TABLE 3—A ctivity-diffusion Data for Austenite 
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A Oy Oy D X 107 
Wt Pct C OY ae Yt ac. D X 10? Ser. ay Di (average) 
0c 
800°C Samples 12, 13, 14 
0.54 22.60 6.80 26.27 0.31 0.012 0.0125 + 0.005 
0.70 23.60 6.80 28.36 0.38 0.013 
1000°C. Samples 8, 10, 35, 36 
Oo 9.98 fo) 9.98 2.46 0.247 
0.1 9.99 0.15 10.01 2.55 0.255 
0.2 10.02 0.44 DOo ta 2.65 0.262 
0.3 10.06 0.57 10.23 2075 0.268 
0.4 10.19 1.82 10.92 2.87 0.268 
0.5 10.42 2075 TEL 78 3-00 0.255 0.258 + 0.006 
0.6 TOn7E 3.06 T2285 Wey 7 0.253 
0.7 1I.03 yet) 13.40 S30) 0.251 
0.8 II.39 ange 14.37 3.60 0.251 
0.9 IL... 77. 3.94 T5432 3.95 0.258 
r.0 12.18 4.29 16.47 4.43 0.269 
1200°C. Sample 26 
(Sse 4.89 0.03 4.89 reo 2.64 
oO. Lite b 2.04 6.41 (16.1) (251) 
Aes 5.63 2.70 7.52 (20.1) (2.67) 2.56 + 0.08 
19.0 2553 
I.0 6.62 3.68 10.30 25.0 2.43 
925°C. Sample 19 
O.I 13.88 ° 13.88 rs 0.079 
; 13.92 0.50 14.42 (1.4) (0.097) 
eet ies 2.06 16.59 oe i am 0.097 + 0.012 
. 2. 07353 eat 0.120 
ve ate ie (2.0) (o. 114) 
1102°C, Sample 24 
8 
Ont 6.90 0.25 als! tshirts 1.0 
: (0.95) 
0.54 7.30 1.86 9.72 (9.2) 1 A 
. 10.0. (10.9) (1.08) r.07 + 0-20 
0:7 7.62 2.42 4 aon eae 
i te) 8.42 2.94 II.36 14.0 I.24 
1148°C. Sample 25 
0.1 5.79 0.12 5.91 10.1 r.70 
12.7) (1.64) 
0.54 6.13 1.60 ans ( 64) ett ets 
t 2.32 8.74 (14.4) (1.65 
0.7 6.42 2.3 13.5 1:55 
.68 £r.OF 1G fees) a 
1.0 7.33 3 Gundy (18a) 
1245°C. Sample 27 
28s se | ne | ER | gh | ae 
; Or tae et 448) : q : (3.80) 3.79 + 0.31 
2.16 6.91 (26.3) me 
~ 0.7 4.75 Tt eo7, 3.72 
° 5.78 4.30 10.08 31.2 3.10 
epee teh eres fe PN | ee 
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1200°C the equation for the carbon 
monoxide-carbon dioxide-graphite equilib- 
rium constant (Smith’s Ky4) given by 
Chipman!® was graphically corrected to 
Smith’s values at 800° and 1ooo°C. and 
a new constant was read off for 1200°C. 
Graphical interpolation gave the data 
necessary for the four other temperatures. 
These latter naturally are not as reliable 
either in absolute value or internal con- 
sistency as the first three. 

Average D, values have been calculated 
for each temperature, and the mean 
deviations show the consistency within 
each set of data. It should be emphasized 
that these are not possible errors in the 
‘absolute values. Examination of the 
deviations in diffusion and activity data 
suggests that the total errors may approach 
1o pct, although the several averaging 
processes employed may have decreased 
that considerably. 

A plot of Dj, against the reciprocal 
of the absolute temperature* gives a very 
good straight line in Fig 3. This gives 
for the constants in Eq 16: — 


Q1 = 42000 cal per gram atom 
Do = 0.434 Sq cm per sec. 


ll 


These may be compared with Q equal 
to 32,000, given by Wells and Mehl.® 
They give Do = 0.12. 


* The more reliable data are plotted as cir- 
cles, the rest as crosses. 

The variation of D with temperature is as- 
sumed to follow an Arrhenius type equation 
common to activated process, D = Doe-@/RT, 
where Q should be the energy of activation for 
the process. However, D, defined by Eq 6, is 
not a constant for a given temperature. It has 
been customary to take D values for a chosen 
concentration and a series of temperatures to 
obtain Q. This Q is of doubtful value since D 
should really be compared at points correspond- 
ing to the same activity gradient, not the same 
concentration. Because of this, it would be bet- 
ter to write D = Ae~/T, reserving Do and Q 
for use with D; and Dio. 

D, and Diu, defined by Eqs 12 and 15, re- 
spectively, are true constants for the cases 
investigated here and the values of Q1 and. Qi2 
obtained from the Arrhenius equation should 
' be true activation energies for the respective 
diffusion processes. The relation between Q and 
Qi2 is given by ‘ 


Po @49-0)/RT - ( dy1 ( ay2 
Dare e812 v1 + ¢1 ‘en oe} ALE 


We have seen that Eq 12 will account 
quantitatively for the diffusion of carbon 
in austenite. Replacing the concentration 
gradient with the activity gradient makes 
D, a constant, dependent only on tem- 
perature and the nature of the com- 


ponents of the system. Therefore, it would - 


appear to be more fundamental in the 
kinetics of the process. We may speak of 
D, and D2 as interstitial and substitutional 
diffusion constants to distinguish them 
from the classical diffusion coefficient, 
which is a parameter depending on con- 
centration. It also seems probable that 
all cases of interstitial diffusion in solid 
solution will follow this behavior. 
Lattice-point Diffusion—In _ substitu- 
tional solid solutions, unless a vacant 
lattice site is present to receive a diffusing 
atom, migration can occur only when two 
atoms exchange positions, or by rotation 
of quadruplets, which is inherently un- 
likely. If two atoms of the same type 
change positions, this will not be detected 
by chemical analysis. Only interchange of 
unlike atoms will change the concentration 
gradient. Therefore, the chemically deter- 


mined diffusion coefficient will depend — 


only on the probability that two unlike 
atoms will interchange lattice positions. 
This also involves the assumption that 
an equal number of atoms diffuse in each 
direction. In addition to this, two “self- 
diffusion”? coefficients for the individual 
components of the system may be deter- 
mined by radioactive tracer techniques.” 
In order to describe the kinetics of 
diffusion for the entire binary substitutional 
solid system, three coefficients will be 
necessary. The interrelationship of these 
three will be discussed later with reference 
to the experiments of Johnson!” on the 
silver-gold system. First, however, the 
chemical diffusion coefficient in the alpha 
solid solution of brass will be examined. 
Interdiffusion in Alpha Brass.—Average 
D values for 750° and 840°C were read 
from Fig 9 of Rhines and Mehl.* Sample 
41 was selected at 900°C. The values for 
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800°C were taken from the average curve in 
Fig 15. These were corrected first for the 
activity of zinc* to give the values listed 
under D; in Table 4. These were further 


30 


D,.X 10° CMS PER SECOND 


98 9.6 9.4 92 


vt x 10* 
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The variation in Diz at 800°C in the 
concentration range where the 750° and 
840°C data are consistent is probably a 
result of the averaging process used by 


900°C. 
9.0 68 8.6 


Fic 4—Dj,2 VERSUS 1/T FOR INTERDIFFUSION IN ALPHA BRASS. 


corrected for the activity of copper to give 
the Dj2 values according to the definition 
in Eq ts. 


Examination of the data shows that 
twentyfold variations in D have been 
reduced to twofold variations and that 
these deviations occur at the extremes 


of the penetration curves where errors 


in both the chemical and mathematical 


analysis would be greatest. Experimental 
deviations between 


individual diffusion 
samples show twofold discrepancies. 


; *Although pure solid zinc was used as the 
reference state for this calculation the same in- 


4 ties to liquid zinc. The choice of standard state 


a goes not affect the test of the equation. 


Rhines and Mehl to obtain the 800°C curve. 
The errors at high concentrations would 
be distributed through a larger range. 
Averaging D1. values for o to 18 at. 
pet Zn for the four temperatures and 
plotting Di, against the reciprocal of 
the absolute temperature did not give a 
straight line (Fig 4). However, inspection 
of the original data revealed that the 
same situation exists for D values cor- 
responding to the same concentration. 
The activation energy can be estimated 
only at 30,000 + 50 pct cal per mol. 
Despite the inconsistencies remaining 
in the data, there can be little doubt that, 
within the experimental error, correction 
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TABLE 4—A ctivity-diffusion Data for Alpha Brass 


(1 +< 


€ +e 
D X 101°/Di X 101° 


oy 9) Diz X 101 
At. Pct Zn Yon a) On 21) You ac J Cu ay x 
dc) Zn dc /Cu 
750°C 
° 0.055 (9) 0.055 1.00 (9) I.00 2.0 36.4 36.4 
2 0.056 0.0007 0.057 0.996 0.0019 1.182 2.5 44.0 37-3 
4 0.058 0.0012 0.063 0.991 0.0026 I. 241 3.0 47.6 38.3 
6 0.061 0.0017 0.071 0.936 0.0043 1.390 325 49.3 35-5 
8 0.064 0.0024 0.083 0.976 0.0054 1.473 AS 54.2 36.9 
10 0.070 0.0032 0.103 0.964 0.0062 F522 5.5 53-2 35.0 
12 0.077 0.0039 0.124 0.951 0.0073 1.593 Tie 58.0 36.5 
14 0.085 0.0043 0.145 0.935 0.0082 1.640 9.0 62.2 37.8 
16 0.094 0.0048 0.171 0.918 0.0093 1.699 II.0 64.2 37.8 
18 0.104 0.0052 0.198 0.8909 0.0099 FE. 71t 14.0 70.8 41.4 
20 0.115 0.0059 0.233 0.879 0.0109 a Ai 19.5 83.8 47.8 
22 0.127 0.0065 0.270 0.855 0.0127 1.846 27-0 100 54.0 
24 O.141 0.0072 0.314 0.830 0.0138 1.879 38.0 i208 64.5 
26 0.158 0.0086 0.382 0.801 0.0148 1.896 61.0 160 84.0 
Di2x(0 —18) = 37.3 
800°C 
° 0.060 ts) 0.060 I.00 ° I.00 3.0 50 50 
2 0.062 0.0008 0.064 0.997 0.0017 1.164 Za% 49 42 
4 0.065 0.0014 0.071 0.993 0.0024 1.223 3.4 48 39 
6 0.069 0.0024 0.083 0.987 0.0041 1.372 4.0 48 35 
8 0.074 0.0030 0.0908 0.978 0.0051 1.447 5.0 5.r 35 
10 0.081 0.0037 0.118 0.968 0.0059 1.499 7.0 59 39 
12 0.089 0.0044 0.142 0.954 0.0069 1.561 10.0 71 45 
14 0.099 0.0051 0.170 0.940 0.0080 1.628 15.0 89 54 
16 0.109 0.0057 0.200 0.922 0.0092 1.695 BS.5 I12 66 
18 0.121 0.0061 0.231 0.903 0.0099 bay 32 138 80 
20 0.134 0.0064 0.262 0.883 0.0109 1.755 43 164 93 
22 0.147 0.0070 0.301 0.8590 0.0125 1.834 55 183 100 
24 0.162 0.0070 0.330 0.834 0.0134 1.844 70 212 115 
Dix(o —18) = 48.5 
840°C 
to) 0.065 ° 0.065 1.00 (0) 1.00 5 77 17 
2 0.067 0.0012 0.069 0.997 0.0017 1.164 6 87 75 
4 0.071 0.0020 0.079 0.903 0.0024 Wee 7 89 73 
6 0.075 0.0026 0.091 0.987 0.0035 1.316 8 88 67 
8 0.081 0.0032 0.107 0.980 0.0044 1.385 pce) O4 68 
10 0.088 0.0039 0.127 0.971 0.0052 1.439 12 95 66 
12 0.006 0.0046 O.I151 0.959 0.0067 1.549 15 100 65 
14 0.106 0.0052 0.179 0.944 0.0079 1.623 18 Ior 62 
16 0.117 0.0056 0.207 0.927 0.0086 1.6490 24 116 70 
18 0.129 0.0060 0.237 0.909 0.0096 1.696 32 135 79 
20 0.142 0.0066 0.274 0.890 0.0106 1.738 43 157 90 
22 0.155 0.0069 0.307 0.867 0.0119 1.795 58 189 105 
24 0.1690 0.0076 0.351 0.842 0.0131 1.838 80 228 124 
Di2o(o — 18) = 70.2 
900°C 
(0) 0.072 ts) 0.072 1.00 (9) I.00 17 236 236 
2 0.074 0.00II 0.076 0.999 0.0012 oe 18 237 212 
4 0.077 0.0018 0.084 0.997 0.0018 In t7 20 239 204 
6 0.081 0.0028 0.098 0.991 0.0030 1.27 24 245 209 
8 0.088 0.0035 0.116 0.984 0.0040 1.35 30 258 I9QL 
10 0.095 0.0043 0.138 0.974 0.0050 1.42 35 254 180 
12 0.105 0.0050 0.165 0.963 0.0065 TSa 45 272 b de 5 
I 0.115 0.0055 0.185 0.950 0.0075 1.60 58 314 196 
I 0.127 0.0062 0.227 0.934, 0.0085 1.65 75 330 200 
18 0.140 0.0067 0.261 0.915 0.0095 1.69 100 383 226 
20 0.155 0.0075 0.305 0.895 0.0105 1.74 145 475 274 
22 0.170 0.0082 0.350 0.872 0.0120 1.81 205 585 323 
24 0.187 0.0093 0.410 0.847 0.0131 1.85 285 6905 376 
Di2(0 —18) = 203.1 
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of D for activities of both components 
has given a constant characteristic of 
the temperature at which diffusion occurs 
and independent of the concentration. 
The activity correction for each com- 
ponent enters to the first power and in 
the same form. Therefore, substitutional 
diffusion is controlled by the activity 
gradients of both components. 

This indicates strongly that the rate- 
determining process of diffusion in binary 
substitutional solid solutions involves two 
atoms. The only such mechanism is the 
direct interchange of lattice sites by two 
neighboring atoms.* The mechanisms of 
hole diffusion, previously favored on the 
basis of theoretical studies of idealized 
models,!8 would seem to occur to only a 


-minor extent on the basis of these results, 


at least for the alpha-brass system. 

More precise diffusion and activity 
data for a number of similar systems 
allowing more accurate determination of 
activation energies are very desirable 
as a basis for further investigation of 
the detailed mechanism. Such studies are 
planned in this laboratory. 

Interdiffusion and “Self-diffusion” in 
Silver-gold Alloys——If we assume the 


_ exchange mechanism, as mentioned above, 


in a binary substitutional solution AB, 
there are three possible processes: exchange 
of A with B, A with A, or B with B. It is 
unlikely that, except for the case of solu- 


tions of isotopes of the same element, 


the probabilities of these processes will 
be equal. Only when the isotopes are 
present in the same ratio on both sides 
of the original interface will the chemical 
and radioactive tracer methods. yield 


the same results. Ordinarily these con- 


a It may be that some lattice imperfection 
(hole or dislocation) may be necessary in the 
immediate neighborhood to catalyze the ex- 
change. This will have no immediate effect on 


_ the discussion given here. Precise measurement 


of activation energies must ultimately dis- 


 tinguish between this and direct interchange 


at the site of large displacements due to thermal 


- motion in an otherwise normal lattice. 
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ditions are met. However, an experiment 
can be imagined where one side of the 
interface has composition, Ci, containing 
stable A, and the other side has com- 
position, C2, containing stable A plus some 
radioactive A.* The resultant D will be 
composite unless C, corresponds to no A 
at all. 

The chemically determined diffusion 
constant will measure the excess number 
of A-B exchanges per second per square 
centimeter along a unit activity gradient. 
If a tracer is added to one side so that 
the proportion of A* to A is not uniform 
throughout the diffusion couple the radio- 
active analysis will measure the chemical 
diffusion plus the additional diffusion of A* 
along the isotope concentration gradient. 

If the activity gradient is eliminated by 
employing alloys of the same concentra- 
tion for both sides of the couple, but 
with one half of the couple containing 
radioactive A*, the diffusion of A* along 
the isotope concentration gradient may 
be determined alone. However, it is 
composite in nature, consisting of the 
excess exchanges of A*-A4 moving A* 
forward and the equivalent pair of ex- 
changes A*-B moving A* forward while 
A-B is moving A backward. If the prob- 
ability of either A-A or B-B exchange 
is much less than that of A-B, nearly all 
the movement of A or B may occur by the 
latter process. 

Johnson!’ studied interdiffusion and 
“self-diffusion” of silver and gold in gold- 
silver alloys of approximately 50 atomic 
per cent silver. The interdiffusion was 
carried out with such a small concentration 
difference that D could be taken inde- 
pendent of concentration. The “‘self- 
diffusion” experiments were performed 
on alloys of the same composition so 
that no interdiffusion would occur. For 
convenience, let D,, be the chemical 
diffusion constant for gold-silver, D, the 
“self-diffusion” constant for silver in the 
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alloy, D, the “self-diffusion” constant 
for gold in the alloy, Dag the self-diffusion 
constant for silver in pure silver, and 
Day the self-diffusion constant for gold 


1000 
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and “self-diffusion” of gold in the alloys 
is the same. Indeed, at any temperature 
in the range studied D., = 4D,. As stated 
before, D, measures the total rate of two 


wt x 10* 
Fic 5—D versus 1/T FOR INTERDIFFUSION AND SELF-DIFFUSION IN GOLD-SILVER ALLOYS. 


in pure gold. In order of decreasing 
magnitude 


De Dk Dar Di 


Fig 5 shows the straight lines obtained 
by plotting D., D,, and Da against the 
reciprocal of the absolute temperature. 
D, and D.» have the same slope; that is, 
the activation energy for interdiffusion 


processes, while D,, determines the rate 
of Ag-Au interchange uniquely. 

Johnson observes that, while “self- 
diffusion” of silver in the alloy is nearly 
as fast as in pure silver, “self-diffusion” 
of gold is about twenty times as rapid 
in the alloy as in pure gold. It is not 
unreasonable to assume that transport of 
gold in the alloy occurs chiefly by the 


s 


ee eh ee ee) ee 


C. ERNEST BIRCHENALL AND ROBERT F. MEHL 


mechanism of double exchange with silver 
and only to a negligible extent by exchange 
with itself. 
The average displacement in diffusion* 
is given by 
tan al 3 VDavt 
Xp =a / Dot 


However, in the double interchange mecha- 
nism our experiment measures only half 
of the total displacement, the half moving 
radioactive isotope forward, and neglects 
the half moving stable isotope backward. 
So we have 


2X — ay 


4 a/ Dut 2V Dat 


Dw = 4D;, showing that our hypotheses 
are consistent with experiment. 

Since the rate of transfer of radioactive 
silver by this mechanism must be the 
- same as for gold, the difference D, — D, 
- is the diffusion coefficient for the “‘self- 
diffusion” of silver by exchange with 
itself. 

Use of the Various Diffusion Constants.— 
- The classical diffusion equation based 
on a concentration gradient and the 
constants Dy and Q (or A and 6)f derived 
from data treated in this way give a 
satisfactory empirical description of the 
diffusion process for a given system. It is 
_ possible to interpolate and extrapolate 
_ these equations with the degree of accuracy 
with which the relationship between D 
and concentration is known experimentally. 
In the study of kinetic processes involving 
diffusion, where the interest lies in the 
rate of transport of the components, 
“but not in the detailed nature of the 
diffusion process itself, the older treatment 
will provide a quite adequate description. 
Examples of such problems are the dif- 
fusion in clad materials and the rate of 
decomposition of austenite to pearlite. 


we 


= 
5, * The treatment in this paragraph is due to 
_ Prof. R. Smoluchowski. . 

t See footnote, page 152. 
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For better understanding of the diffusion 
process itself, it would seem imperative 
to use D; and Dy. in the appropriate 
cases. The fundamental factors to be 
determined for a given system are Do 
and Q,, if diffusion is interstitial, and Dots 
and Qj. if diffusion is substitutional. A more 
detailed physical and chemical inter- 
pretation may then result by comparing 
these quantities for different systems and 
correlation with other properties of the 
systems. Except for the case of self- 
diffusion* in pure metals, all such com- 
parisons in the past have been based on 
D, and Q; reexamination is in order. 


SUMMARY 


1. It has been quantitatively demon- 
strated that the activity gradient is more 
fundamental than the concentration gra- 
dient in the process of diffusion in the 
copper-zinc and iron-carbon systems, and 
probably in general. The driving force is 
provided by a difference in free energy. 

2. The process of solid metallic diffusion 
has been examined in detail. It appears 
that diffusion in interstitial solid solutions 
can be described by two independent 
diffusion constants, each determined by a 
single activity gradient. Such a constant 
for the interstitial component D, is related 
to the D(c) calculated from a concentration 
gradient by the equation 


ee 
(x: + C1 5) 


Diffusion in substitutional solid solution 
can be described apparently by three 
independent exchange probabilities yield- 
ing two “self-diffusion” constants and 
one interdiffusion constant. The self- 
diffusion constants should depend on only 


D 


* In the case of self-diffusion the older equa- 
tion applies without modification, for D = Diz 


and Q = Qiz since y is unity and oy = 0. bhat 


OT 
is (y +627) Tt. 
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one activity gradient, but the inter- 
diffusion constant Dy, is related to D(c) by 


D(c) 
(11 +45") (12+ 52!) 


This strongly favors a rate-determining 
step involving direct exchange of atoms 
on adjacent lattice points as opposed to a 
hole-diffusion mechanism. 

Chemical and radioactive methods for 
determining diffusion rates in substitutional 
solutions will not measure the same 
processes if the ratio of radioactive A* 
to stable A is not the same on both sides 
of the original interface. Two mechanisms 
appear possible for the diffusion of radio- 
active isotopes, direct exchange with a 
stable isotope of its own kind or double 
exchange involving one stable isotope 
of its own kind and two atoms of the 
other kind. 


Diz = 
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DISCUSSION 


(R. G. Treuting presiding) 


H. Eyrinc* and B. J. Zwortnsx1j—The 
authors are to be commended for their excellent 
work on the activities of components in the 
solid state. It is, however, felt that certain 
points require clarification with reference to 
diffusion in the solid state. It is a well es- 
tablished point that any rate process in a 
non-ideal system can be expressed by the 
general equation 


YAY BV Co eas 


RE eo eV BY Coes 
Par Ce ee p ttere 
YIN AO 


h ytyuyn ..- 


where kp is the specific rate in an ideal system, 
and ya, ys ..., the activity coefficients 
of the reactants and y+ and ym,yyn,..., 
the activity coefficient of the activated complex 
and the intermediates, respectively. With 
reference to diffusion, the following simplified 
treatment in correcting for non-ideality is 
proposed. 

The same free energy change is involved 
in moving a particle from a solution of one 
activity to a solution of another activity, 
independent of the path. The corresponding 
force, f, acting on an atom or molecule is then 


_ _ d(kTina) dina\, cc 
f= Ra (aE ee 


where a is the activity of one of the com- 
ponents and ¢ the concentration in number 
of atoms per cc. Eq 1 can readily be modified 
to read 


* University of Utah, Salt Lake City, Utah. i 
{+ Princeton University, Princeton, New 
Jersey. ' 
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vkT dina\ dc 


O° NF dine) dx 2 


where » is the linear velocity of the diffusing 
particles. From the defnition of the diffusion 
; coefficient based on the concentration gradient, 
- it follows that 
vkT dina 


Bat at Sain [3] 


Here » which represents the net velocity of 
molecules in the direction of the gradient 
has the value: 


3 pee AN 
- yp = ve — % = ARo(eZ4T — € 2kT) 


= 2dko sin hk ee [4] 


ES : 2kT 
5 LNA 
Seed RT 
2 where 
: AF+ 
a i Ggeeee 
= Ro = re (2 kT 


Thus, we have 


dina 


dina dina 
Laem Seas 
ea dlnc 


eae aay * 


where Dy may also be a function of concentra- 
tion. From the Gibbs-Duhem relation, one 
knows that ; 

dina, _ dinaz [6] 
dinNi dinN2 


so that the diffusion coefficient D may be 
corrected from activity data for either com- 
ponent, whether one or both components are 
involved in the rate-determining step of 
diffusion. 

In Eq 5 the specific rate constant ko has 
the value 


SS cae a 


AFt 

Ro = a é RT 
where AF+, as in the case of viscosity, ap- 
proximates linear dependence on the mole 
fraction of the components of the solution. 
‘There is further correction to AF+t when there 
is a free energy of mixing in excess of that for 
an ideal solution. The form of this correction 
has already been worked out for viscous flow.} 


18, Glasstone, K. Laidler and H. Eyring, 
The Theory of Rate Processes. McGraw-Hill 
New York (1941), 516. 
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Thus the dependence of Do on concentration 


breaks up naturally into the term ane and 


the dependence of AF*+ on concentration. 
These considerations lead to a somewhat 
different formulation from that given by the 
authors. The details will be presented elsewhere. 


W. R. Hissarp*—An interesting analysis 
of diffusion in brass can be derived from 
consideration of the relative stability of the 
metallic bonds as reported by Dr. Birchenall 
in another paper.t Assuming that the ease 
of diffusion of an atom is some inverse function 
of the stability of its bond and that the stability 
of the bonds in brass decrease in the order 
Cu-Zn, Cu-Cu, Zn-Zn, it might follow ,that 
at a given temperature and small increment of 
concentration, zinc would diffuse more rapidly 
than copper provided a sufficient number of 
Zn-Zn bonds exist in the locality involved. 
This rationalization is in agreement with the 
experimental results reported by Smigelskas 
and Kirkendall.t 


R. SmoLtucHowsKk1§—The presented paper 
is a very beautiful quantitative contribution 
to the often discussed and also often mis- 
interpreted role of activities in diffusion. I 
want to mention three points: 

r. An all important consequence of the 
work of Dr. Birchenall and Dr. Mehl is the 
fact that the dependence of diffusion on 
temperature is not given only by the usual 
activation energy in the exponential term, 
but that also the dependence of activity 
coefficient on temperature has to be taken 
into account. This fact, as mentioned by the 
authors, calls for revision of all known Q 
values. Wherever the activity coefficient 
happens to be fairly constant the differences 
may be small, and there the usual plot of 
log D against reciprocal temperature gives 
the activation energy. In all other cases the 
activities have to be known before the activa- 
tion energy Q can be computed. 


* Asst. Prof. of Metallurgy, Yale University, 
New Haven, Conn. 

+ Interaction and Structure 
Zinc Alloys. Met. Tech. June 1947. 
ume p. 166. 

+ Zinc Diffusion in Alpha Brass, Met. Tech. 
October 1946. This volume p. 130. 

§ Carnegie Institute of Technology, Pitts- 
burgh, Penna. 
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2. I would like to add an additional evidence 
for the role of activities in diffusion as given 
in 1936 by Dehlinger, who studied the process 
of precipitation as related to diffusion. In 
that study he derived an equation for inter- 
stitial diffusion and another for substitution 
diffusion in which the activities and activity 
gradients are taken into account and are very 
similar to those derived by Dr. Darken a 
while ago, and resemble also the equations of 
the present authors. In lack of good data on 
activity, Dehlinger made his comparison 
using a rather crude assumption about the gold 
and nickel system, and arrived at a fairly 
satisfactory agreement between diffusion rates 
and activities as evidenced in the solubility 
limits in that system. 

3. The conclusion that diffusion in brasses 
occurs mainly through interchange of two 
neighboring atoms and not through hole 
diffusion is not entirely correct. The fact is 
that if we take into account the activities of 
both elements we obtain a smaller variation 


of D with concentration than taking into . 


account only one of them or none. This proves 
that both activities play a role in the binary 
diffusion, but it does not prove that the holes 
play no role. On the contrary, applicability of 
Eq 14 can be explained also assuming a hole 
mechanism: high value of the activity coeffi- 
cient and of its gradient for copper atoms 
implies high mobility of holes in the copper 
lattice. This in turn naturally increases the 
availability of holes in proximity of zinc atoms 
and thus also enhances the mobility of zinc 
atoms. Thus the activity of copper influences 
the diffusion of zinc in brass. The agreement 
(Table 3) for interstitial diffusion where the 
diffusion is essentially a diffusion of inter- 
stitial holes is excellent. It seems that the 
much less perfect agreement for brass is 
an evidence of the important role played by 
the concentration of holes which quite likely 
depends upon the local composition of the 
alloy. It seems to me that the only foolproof 
evidence of the lack of holes in diffusion 
would be a very careful and meticulous study 
of the amount of material transferred across 
any interface in both directions, somewhat 
along the lines of the work of Kirkendall. 

_ In this discussion I am not trying to say 
that the hole mechanism is the only one 
applicable for the diffusion in copper (in spite 


of good theoretical reasons for it) rather, I 
want to make it clear that the evidence pre- 
sented by the authors is not a proof of direct 
interchange. In certain cases both mechanisms 
may be operating and in the case of Au-Ag 
the facts seem to point to the interchange 
as the main factor. 


F. E. Harris*—I should like to comment 
on the diffusion theory, beginning with Eq 6 


in this paper. 
( D ac [1] 


dGhaee aC 
Ox 


aT ax 
The boundary conditions may be given for 
the semi-infinite solid, since here the problem 
of a moving interface is obviated. These 
conditions are 


C=oatx=o for allt 
C=Cyato <x < © andati=o 


For these boundary conditions, we may trans- 
form Eq 1, where 


ar [2] 


which is Eq 7 in this paper. 


aC r 
Let ee P, then — 3p = d(DP), or, 
x _ d(DP) 
(a0. eRe 
»r 
Hence log. (DP) = — I, spo + loge a 
met [3] 
dC —|- = adr 
And D Pte artes 02D [4] 


which is Eq 150 in Barrers “ Diffusion in and 
through solids.’”” Eq 4 may be solved for an 
invariant D, for which we choose the symbol, 
D, 


Let iF eee at EO 
VaDiT VW4D, 
dC a 
Then Ze be2 ts] 


Multiply Eq 5 by ZdZ, 


ZdC = bZe-2*dZ [6] 


but 4 (be-2") = —2bZe-2” 


* Buick Motor Division, Flint, Mich. 
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Hence integrating Eq 6 and comparing with 


Eq 5, 
1dC 
I I —, dC 
or ——— |] «dC = —-- DT — 8 
eae a V4 1 ie [ ] 
which converts to 
dC I 
Di Gent oF [ sac [o] 


which is Eq 8 in this paper, except that D is 
now invariant. 

It is obvious from Eq 4 that the solution 
given in Eq 9 cannot hold for a variable D as for 
example when D is a function of concentration. 
In fact it is very doubtful that any simple 
relationship may be obtained that will connect 
D directly with the gradient. In an appendix 
for my paper on Diffusion Rates for Carbon 
in Austenite a solution is arrived at by means 
of dimensional] analysis. 


D. S. EppELSHEIMER*—I wish to ask for 
further information concerning a statement 
made on page 156 of the paper: ‘‘Figure 5 
shows the straight lines obtained by plotting 
Da, Dy and Da against the reciprocal of the 
absolute temperature, Dz and Da have the 
same slope; that is, the activation energy for 
interdiffusion and ‘self-diffusion’ of gold in 
the alloys ‘is the same.” 

I would like to raise a point with regard to 
this D, curve. If one sights along these two 
lines which are under discussion, it appears 
that the lines are not parallel, and in particular 
two values given with triangles near the 
upper portion of the curve appear to deviate 
considerably on a statistical basis from the 
other three values. 

I wonder if the authors would care to 
elaborate a little further on the statement 
that the lines Da and Da have the same 
slope. 


L. S. DarKEeN{—The primary treatment of 
diffusion in this paper is based on the classical 
premise that the matter in an element of 
- volume stays in that element of volume except 
for that portion that diffuses out. The recent 
work of Kirkendall affords rather convincing 


* Associate Professor of Metallurgical Engi- 
neering, Missouri School of Mines, Rolla, Mo. 

+ U.S. Steel Corp., Research Laboratory, 
Kearny, N. J. . 
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evidence that the picture is not quite that 
simple. Even if his experimental findings are 
not accepted in their entirety, his papers 
serve as a vigorous reminder that the classical 
treatment of diffusion leading to Eq 6 is not 
as free of questionable assumptions as is some- 
times thought. In particular a general phe- 

nomenological treatment of diffusion should 

allow for motion other than by diffusion. 

Without regard to mechanism, it is quite 

obvious that if there is a net outward diffusion 

from any region then a volume change may be 

anticipated. Such change may be regarded 

as accompanied by flow of matter. Such a 

case (for a binary alloy) may be treated in 

terms of two diffusivities D, and Dez (one for 

each component and each a function of com- 

position) and the flow velocity v. The inter- 

relation between these is found to be v = 

(D2 — D\)0Ni/dx, where 0N,/dx is the gra- 

dient of the atom fraction; moreover the 

diffusivity (D) as ordinarily determined by 

the Matano method is found to be D= 

N2D, + NiDs. In such a case it is clear that 

two variables (D,; and Ds or D and v) are 

required for an adequate description of the 

observed phenomenon. 

The foregoing reasoning is independent of 
any postulate as to the mechanism of diffusion 
or the nature of the metallic state. The present 
authors, however, choose to question the 
validity of Kirkendall’s findings as to the 
existence (and rather large magnitude) of a 
flow velocity accompanying the diffusion of 
zinc in copper. Hence they regard a single 
variable D or Die (Eq 15) as sufficient to 
represent diffusion phenomena in a binary 
system. It is my feeling that this is too great a 
simplification. Our knowledge of the nature 
of the metallic state is at present inadequate 
to settle such a question in terms of atomistics 
and appeal must be made to experiment. 
Unfortunately little data aside from that 
of Kirkendall is available. However, it seems 
worth noting that if one diffusivity were 
sufficient for a binary alloy then it would 
seem that if we studied a number of very 
dilute solutions of various elements in a 
given element, for example copper, then all 
the diffusivities should be equal to the self 
diffusivity of the copper. Such a study of the 
diffusivity of many elements in copper was 
indeed made by Rhines and Mehl and it was 
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noted that they did approach nearly common 
values at very low concentrations and it was 
suggested that this value was not greatly 
different from the self diffusivity of copper. 
However, subsequent determination of the 
self diffusivity of copper discredited this idea. 
Hence it seems that in a dilute solution of 
zinc in a copper two diffusivities should be 
considered unless we adopt the viewpoint of 
the authors that the diffusivity of an isotrope 
tracer is unrelated to the more ordinary 
diffusivity. The gold-silver alloys considered 
present the same problem and the authors 
- do introduce several diffusivities; they go into 
some detail as to postulated mechanism but 
they appear to overlook the simple fact that 
if the gold and silver move at different rates 
then there must exist a flow, similar to that 
observed by Kirkendall unless there is exact 
compensation by density change. If such 
is the case (and it seems adequately demon- 
strated) then Eqs 6 and 15 are inadequate 
representations. 

To illustrate the type of effect under dis- 
cussion, let us consider a rather long glass 
tube, one half of which is filled initially with 
small rubber balloons full of hydrogen; the 
other half is filled with similar balloons full 
of nitrogen. The balloons are packed tight 


so that there is no appreciable space between ~ 


and are assumed to be sufficiently flexible 
that there is no appreciable gas pressure due 
to tension in the rubber. As diffusion of 
~ hydrogen through rubber is rapid and that 
of nitrogen is slow, it will be observed that as 
diffusion occurs the balloons initially filled 
with nitrogen will inflate and those initially 
filled with hydrogen will deflate. In this 
case it is clear that a knowledge of two dif- 
fusivities is necessary to make this prediction. 
A knowledge of the mutual diffusion coeffi- 
cient of hydrogen-nitrogen mixtures would 
not suffice. On the other hand, if the knowledge 
were not available before the experiment but 
the inflation of one set and the deflation of 
the other were observed then we would be 
forced to the conclusion that two diffusivities 
are required to describe this result—precon- 
ceived notions to the contrary notwithstanding. 

The proposed relation between activity and 
diffusivity is somewhat similar to that which I 
proposed in 1942 and tested on the same two 
systems with similar results, though more 


complete data are now available. The principal 
feature of this relationship is that the force 
(driving force for diffusion) may be represented 
as the (negative) gradient of the partial molal 
free energy. This leads directly to a relation 
of the form 


D; = kTB; (: ee ) 


aN; 


where the symbols have the same significance 
as in the present paper and B; is the mobility 
(velocity under unit force). It might be 
expected that this relation would account for 
the variation of diffusivity with composition 
on the assumption that B; is constant. How- 
ever, such is not the case; the two sets of data 
available indicate that B; is very nearly pro- 
portional to y;. The substitution of a constant 
times y; for B; in the above equation leads to 
Eq 12 which does seem to fit fairly well. 
However, I feel that, although the above 
equation may be regarded as having a firm 
theoretical foundation, the proportionality 
between 7; and B; is perhaps rather fortuitous 
in these two cases. If we consider the measure- 
ments of the self diffusivity of gold and silver 
in the pure metals and in the 50-50 alloys it is 
clear from-the above equation (and the fact 
that y for the trace of radioactive isotope is 
independent of its concentration) that 


D; = kTB; 


The self diffusivity of silver is about the same 
in pure silver as in the alloy, whereas that of 
gold is much greater in the alloy. Hence it 
follows that the mobility of gold isotope is 
greatly increased by the addition of silver and 
that that of the silver isotope is but little 
affected by addition gold. It is indeed difficult 
to believe that the activity coefficients (which 
are very nearly the same for the stable and 
radioactive isotopes) behave similarly; unless 
the activity coefficients do behave in this 
odd manner Eq 12 (or 15) would not hold 
for this system. I would not expect a general 
relation between mobility (characteristic of 
rae) and activity coeflicient (characteristic 
of equilibrium), 

To summarize, my opinion is that a definite 
contribution has been made in demonstrating 
a relation between activity coefficient and 
diffusivity. Although there seems little question 


; 
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that there is a direct relation between the 
driving force in diffusion and free energy 
gradient, it does seem questionable to pos ulate 
a general proportionality between mobility 
and activity coeflicient. The atomic inter- 
change mechanism proposed is incapable of 
explaining the effect observed by Kirdendall. 


C. E. BircHENALL and R. F. Ment (authors’ 
reply)—The authors are gratified at the 
quality and quantity of the response to this 
paper and hope that it is indicative of a 
reawakened interest in this fascinating topic. 
Diffusion studies; now in progress in this 
laboratory have yielded several interesting 
results bearing on problems raised in this 
discussion. These will be discussed in detail 
in forthcoming publications, although a few 
points will be anticipated in these remarks. 
The formulation of diffusion in non-ideal 
solid solutions in terms of absolute rate 
theory by Dean Eyring and Mr. Zwolinski 
will be a very welcome and valuable addition 
to diffusion literature. In the absence of their 
detailed analysis a few comments will be 
made here on their present discussion. Al- 
though the free energy change involved in 
moving a particle from a solution of one 
activity to a solution of another activity may 
be independent of mechanism, the form of 
the rate equation need not show the same 
independence. An activated state would be 
expected to be quite different if two atoms 
must diffuse simultaneously than if single 
atoms moved through holes. In the former 
case two vibrations must become translations, 
in the latter case only one. It would be sur- 
prising if a relation of exactly the same form 
would describe both cases adequately. How- 
ever, this does not imply that in either case 
the relation between activity and diffusion 
cannot be calculated from the activity of a 
single component. Indeed, it would have been 
“quite possible to have expressed Eq 15 in 
terms of only one component, since the 
activities of copper were calculated directly 
from those of zinc originally. This, however, 
would not have reduced it to Eq 12 which 
has been shown to agree extremely well with 
an undisputed case of hole diffusion. 

Both Dr. Smoluchowski and Dr. Darken 
call attention to the equation proposed by 
Wagner and by Dehlinger which differs 
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only by a factor of y from that given in this 
paper. In both austenite and brass the agree- 
ment was not as good as for our equations. 
However, the disagreement was not great 
enough to make a final choice between them. 

We are forced to agree with Dr. Smoluchow- 
ski and Dr. Darken that diffusion and 
concomitant phenomena in brass are not com- 
pletely elucidated. But the postulate of 
hole diffusion is not in itself enough to elucidate 
everything. It is necessary to specify from 
whence the holes come, where they go, and 
how a succession of atomic movements will 
transport a massive wire inclusion and a 
metallographic interface coherently. Measure- 
ments of interfaces on low zinc (10 pct) brass- 
copper diffusion couples seem to show no 
Kirkendall shift, but measurements of less 
experimental certainty seem to confirm Kirken- 
d.ll’s observations on high zinc couples. 
Because of the unsatisfactory state of this 
problem the Kirkendall experiment is being 
repeated in this laboratory and other calcula- 
tions are being performed on hitherto un- 
published brass diffusion data. Details will 
be published later. 

There are several points on which we must 
take issue with Dr. Darken. We believe it 
to be universally true, for instance, that 
“the matter in an element of volume stays 
in that element of volume except for that 
portion that diffuses out.’”’ At least, the mass- 
energy conversion correction is so small that 
it may be neglected. We find the balloon 
analogy quite unacceptable because it ignores 
the most fundamental question in metallic 
diffusion—what is the role of the crystal 
lattice and to what degree is it altered by the 
diffusion process? In this amorphous system 
of balloons at least two of the fundamental 
characteristics of a crystalline solid which 
must ultimately be related to the diffusion 
rate and mechanism, the unit jump distance 
and the vibration frequency, have no meaning. 
But most disturbing is the denial of any general 
relationship between rates and equilibria. 
Such relationships have been demonstrated 
conclusively in many fields of reaction kinetics. 
As a matter of fact, the original conception 
of chemical equilibrium was a kinetic one, 
and in this case it was also necessary to 
replace concentrations by activities. In the 
study of salt effects in the kinetics of reactions 
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in electrolytic solution a thermodynamic-like 
treatment has become classic. Even in nuclea- 
tion theory the driving force is considered to 
be the free energy of formation of a new and 
more stable phase. Finally, the success of 
rate the>ry as applied by Eyring and others 
to many types of kinetic phenomena in 
physics, chemistry and biology emphasizes 
the intimate dependence of rates on the 
possible equilibrium states of the system. 
Why should these relationships suddenly 
cease to exist here? We hope that the dis- 
cussion of Eyring and Zwolinski will speak 
for us on this point. 

To reply to the objection to ‘‘the viewpoint 
of the authors that the diffusivity of an isotope 
tracer is unrelated to the more ordinary 
(chemical) diffusivity’? we can only refer to 
“unrelation” Da, = 4D». Although  radio- 
active gold and silver self-diffuse in alloys 
at different rates, there is no support for the 
so-called fact that gold and silver interdiffuse 
at different rates. As a matter of fact, the 
Gaussian distribution in the penetration zone 
is one of the strongest indications that a simple 
hole mechanism cannot account for the facts 
of diffusion in this system. 

Although the derivations of v = (Dy — 
D,;)dN,/dx and D = N2D,; + ND» are not at 
all obvious to us, it is obvious from Fig 5 
that D does not lie between D, and D» as 
required by the latter equation. Hence, if 
these relations be valid, the hole mechanism 
is in grave contradiction with the best diffusion 
data available. 

The problem of diffusion in very dilute 
solutions is one which we have been con- 
sidering, primarily as a result of a recent 
publication by J. A. M. van Liempt.* He 
concluded that the diffusion rate of iron in 
tungsten was nearly the same as for self- 
diffusion of tungsten. Unfortunately, he 
has no very reliable information on the self- 
diffusion of tungsten. His rationalization of 
this agreement does not take into account the 
difference between self-diffusion and chemical 
diffusion. 

Van Liempt considers a self-diffusion process 
in which one thousand atoms which were 
initially on one side of the original interface 
migrate to the other side, their places being 


* Recueil des Travaux Chimiques des Pays- 
Bas. (1945) 64, 239. 


taken by one thousand atoms from this other 
side. He now takes away one of the initial 
thousand atoms and replaces it with a foreign 
atom. After diffusion under the same condi- 
tions it is likely that again one thousand atoms 
from each side have crossed the interface, 
the foreign atom being one of them. Van 
Liempt concludes, as Dr. Darken also seems 
to, that the diffusion coefficients measured 
will, therefore, be the same. This does not 
necessarily follow since the chemical method 
observes only what happens to the foreign 
atom. Rather than continue to confound an 
already confused picture, let us take a new one. 

In a very dilute solution of B in a face- 
centered cubic crystal of A there will normally 
be almost no B atoms next to other B atoms. 
Almost all A atoms will be surrounded entirely 
by A atoms or have only one B for a neighbor. 
It is these latter localities which are of interest, 
those with an A and B atom adjacent to one 
another along the diffusion direction. Since 
only one of the twelve pairs formed by the A 
atom under consideration is A-B, its total 
bond energy should not differ greatly from 
that in pure A, except in cases where B greatly 
distorts the A lattice. Assuming the mechanism 
of atomic interchange, the A atom must move 
in order for B to move. If it is easier to loosen B 
from its equilibrium position than A, the 
rate of chemical interdiffusion would be 
expected to be similar (though not necessarily 
equal) to the rate of self-diffusion of A. If, 
however, it is more difficult to loosen B, no 
such obvious condition need exist. If, on 
the other hand, we assumed hole diffusion, 
we would expect Dr. Hibbard’s remarks to 
apply. 

When one observes that values for the self- 
diffusion of copper vary as much as three- 
fold, it is not surprising that a tenfold difference 
exists between some self-diffusion coefficients 
and coefficients obtained for the diffusion of 
other elements in very dilute solution in 
copper. This same relation is found for dilute 


silver alloys, but deviations seem to be quite _ 


great in the cases of gold, silver, magnesium 
and cadmium in lead. Van Liempt has postu- 
lated that gold is interstitial in lead alloys or 
that its solubility was exceeded in the diffusion 
experiments. ; 

In evaluating all diffusion work two primary 


problems have arisen repeatedly. How precise 
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DISCUSSION 


are the experimental data, and how valid is 
the mathematical treatment? In the first 
we find the answer to Mr. Eppelsheimer’s 
question. The deviations to which he calls 
attention are well within the possible experi- 
mental error for these determinations. We 
must apologize for the misprint ascribing the 
same slope to Da and Daz. Line 11 on the left 
side of page 156 should read: “D, and D,, have 
the same slope.” Since the plot in Fig 5 cor- 
responds to the Arrhenius equation (see 
footnote, page 152), the slope is directly pro- 
portional to the activation energy. 

Concerning the mathematical treatment of 
diffusion, we would like to direct attention 
to the remarks of Prof. R. V. Churehill in 
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the paper by J. L. Ham, R. M. Parke and 
A. J. Herzig.* It is possible that much of the 
confusion on this point is a result of too little 
regard for the experimental errors involved 
in the determination of penetration curves 
rather than real mathematical difficulties. 

The substitution which Mr. Harris has 
made in his Eq 4 does not seem valid. Replacing 
the parameter D with a constant D; disregards 
the fact that D = D,f(d). Calling D invariant 
does not make it so. The other substitutions 
are unnecessary. This mathematical problem 
was adequately treated by L. Boltzmann{ in 
1894. 


* Trans. Amer. Soc. Metals (1943) 31, 877. 
t Ann. Phys. (1894) 53, 959. 


Interaction and Structure in Copper-zinc Alloys 


By C. Ernest BircHENALL* 


(New York Meeting, March 1947) 


As a basis for further progress in several 
branches of metallurgy, particularly the 
study of physical properties of solid 
solutions and the kinetics of solid-solid 
reactions, a more complete understanding 
of the structure of solid solutions and the 
nature of the metallic bond is necessary. 
Any investigation contributing to this 
understanding should be of primary inter- 
est to the metallurgist. 

Since the metallic bond is character- 
istic of an assemblage of atoms, it can be 
studied only where this assemblage exists. 
One of the most promising approaches 
to this study of the interactions in metals 
is through the-general problem of binary 
metallic solutions. Although crystal struc- 
tures of many solid metallic solutions 
have been determined and solubility limits 
for many systems are given in phase 
diagram studies, progress beyond this is 
irregular. Electromotive force and vapor 
pressure determinations have provided 
thermodynamic activity data for small 
concentration and temperature ranges in 
the amalgams and a few other systems.! 
In two systems, however, copper-zinc and 
iron-carbon, data are available for the 
calculation of activities over wide ranges 
of temperature and concentration. This 
activity data for the brass system is 
summarized in the preceding paper.? 
A detailed study of the solubility and 


Manuscript received at the office of the 
Institute Jan. 13, 1947. Issued-as TP 2169 in 
METALS TECHNOLOGY, June 1947. 

* Member of Staff, Metals Research Labora- 
tory, Carnegie Institute of Technology, 
Pittsburgh, Pennsylvania. 

1 This work is well summarized by Wagner. 
References are at the end of the paper. 


distribution of carbon in iron is given 
by Smith and Darken.* Their treatment 
of interaction energies is applicable only 
to dilute interstitial solutions. 

The objectives here will be to derive 
from activity data given in the previous 
paper for the brasses and_ structural 
considerations as much new and detailed 
information as possible about the inter- 
actions between copper and zinc in metallic 
solid solution and the effect of these 
interactions in determining the _ short 
range structure of the equilibrium phases; 
that is, we shall investigate the energy 
of interaction between pairs of atoms 
of the same and different kinds, the 
deviations of the distribution of nearest 
neighbors from complete randomness, 
and show that the conclusions found are 
consistent with the observed behavior of 
the brass system. The method of treatment 
is fairly general for substitutional metallic 
solid solutions and will be applied to other 
systems. The determination of vapor 
pressures of the components of alloy 
systems is being undertaken in this 
laboratory to supply more data for this 
purpose. The information obtained from 
solid solutions may be extended by careful 
analogy to liquids as long as the metallic 
type of bonding is preserved. 

Since it will be necessary to employ 


the language of thermodynamics, a brief. 


summary defining the terms used exten- 
sively in solution theory is given below. 
SOLUTION THEORY! 


An ideal solution is one in which the 
vapor pressure of the constituent molecules 
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is given by a set of equations 
pi: = pON:,4=1ton [1] 


where #; is the partial pressure of the ith 
component, NV; is the mol fraction of the 
component in the solution, and #,° is the 
vapor pressure of pure 7 at the same 
temperature, and there are » components 
in the solution. 

To allow for deviations from ideality 
in the gas phase fugacity is employed. 
For a perfect gas 


Fz — Fa = RT ln pa/ pa {2] 


and for a nonideal gas 
Fs = Fa SKID In fa/fa 


where F is the Gibbs free energy, K the gas 
constant, Z the absolute temperature, 
and f the fugacity. Then for a solution 
where the vapors are nonideal 


fi =fen: [3] 


If, in addition, the solution is nonideal, 
the mol fractions are replaced by activities, 
to give 


fi = fai [4] 


This equation defines a,;, the thermo- 
dynamic activity of component 7. Finally, 
we define the activity coefficient, gamma, 
by the equation 


v= a [s] 


The free energy change AF may be 
separated into two parts, the heat change 
and the entropy change, according to the 
definition 


AF = AH — TAS [6] 


An approximate treatment of nonideal 
solutions assumes that the entropy of 
the nonideal solution is the same as 
that of an ideal solution, that is, the 
distribution is completely random. Thus, 
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the whole difference in free energy between 
ideal and nonideal solutions is ascribed 
to the heat of solution. These are called 
regular solutions.* 


Fy = Hy = RT |In N + const. (Ideal) [7] 
FR = Hr, Ses Ina + const. (Regular) [8] 
FR — Fy = AF = AH = RT lny [o] 


Since the volume change going from 


regular to ideal solution is probably 
negligible 

AF = AH = AE = RT Iny [10] 

y = etsE/RT (Regular) 


The partial molar internal energy of 
vaporization from an ideal solution will 
be the same as for the pure metal, so 
we have 


ws +(E, (sol.) — Z,°) 
aot RT 


(Regular) [11] 
where E,° is the energy of vaporization 
from the pure metal in the same state 
as the solution. The foregoing treatment 
follows Hildebrand* who discusses the 
regular solution assumptions in detail. 
Although the approximation of regular 
solutions is commonly employed, it is 
generally agreed that several types of 
order actually are present. One type of 
order is that due to the size of the molecule 
as investigated for liquid mercury by 
Menke.® In pure liquids or solids where 
the molecules are not spherically sym- 
metric, orientation effects are observed. 
However, the type of order with which 
this paper is concerned is that arising 
from the non-random distribution of 
components of a solution in the first 
coordination shells. That is, the type of 
central atom partially determines the 
relative population of the different kinds 
of atoms in its nearest neighboring sites. 


* For estimate of error involved in applying 
this approximation to alpha brass, see page 172. 
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Except for the long range order of super- 
lattices and for dilute solutions of carbon 
in iron, little information is available 
concerning this effect. 

In order to derive a more detailed 
picture from the thermodynamic data it 
is necessary to make a new assumption. 
Studies on the energy of order-disorder 
transformations by Sykes and Wilkinson® 
favor the assumption made by Bethe 
that the interaction energy in a metallic 
system is supplied almost completely 
by nearest neighbors. Although the order- 
disorder transformation actually occurs 
more sharply than this or the Bragg- 
Williams long range interaction picture 
predicts, the former point of view will 
be adopted here. Slater? has also based 
his general discussion of solid solutions 
on the assumption attributing the energy 
of metallic crystals to the interaction of 
nearest neighbors. 

Since solutions fulfill the conditions for 
regularity (approach random distribution) 
more closely at higher temperatures, let 
us select 950°C and 25 at. pct zinc as a 
convenient point for a calculation to 
obtain a rough estimate of the bond 
energies in the alpha solid solution of 
brass. Assuming regularity, that is, random 
distribution of .components, each atom 
regardless of kind will have, on the average, 
three times as many copper atoms as zinc 
atoms in the first coordination shell. 

Experimentally for the chosen point the 
activity coefficients for copper and zinc 
referred to metastable solid zinc* as the 
standard state: 

You = 0.840, Yzn = 0.20 
Inserting the value for copper in Eq 11 
gives 
Eup (solution) — Egur® 

= —422.6 cal/mol Cu atoms 
~* Metastable solid zinc was used as reference 
state here to eliminate the energy of fusion 
from the calculations. It was believed that 
extrapolation of Maier’s equation’ would intro- 


duce less error than estimating the heat of 
fusion for this temperature. 
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where Ey, (solution) is the partial molar 
internal energy of sublimation from solu- 
tion and E.yp° is the partial molar internal 
energy of sublimation from ideal solution, 
which is, of course, equal to the energy 
of sublimation from the pure metal. : 
N atoms will be bound in a solid by 
1/2N times the coordination number of 
bonds. If the total energy of the bonds 


for one atom is E, = energy of 12 bonds, © 


it will require 1/2NE, — 1/2(N — 1)Ey 
to vaporize one atom with the readjust- 
ment of those remaining to fill its hole. 

As a first approximation in alpha 
brass, coordination number twelve, at 
25 at. pct Zn, one fourth of the bonds 
involving Cu will be Cu-Zn corresponding 
to random distribution of Cu and Zn 
atoms in the first coordination shell. If 
Ecu-cu is the energy of a Cu-Cu pair and 
Ecu-zn is the energy of a Cu-Zn pair 


Esup? = 6Ecu-cu and Esup (sol.) 
= 6(3/4Ecu-cu + 1/4Eca-zn) 


By substitution 


6(3/ 4Ecu-cu + 1/ 4Ecu-zn) — 6Ecu-cu 
= —422.6 cal per mol Cu atoms 


reduces to 


Ecu-mn — Ecu-cu = — 281.4 cal per mol of 
bonds [12] 


By similar reasoning for zinc, 


Ecu-zn — Ezn-zn = —868.6 cal per mol of 
bonds [13] 


Addition of Eqs 12 and 13 gives 


2Ecu-zn — (Ecu-cu + Ezo-zn) = —1150 cal 


per mol of bonds [14] 
corresponding to the reaction 
Cu-Cu + Zn-Zn = 2Cu-Zn [15] 


Eq 12 shows that the Cu-Zn pair 
is stronger than the Cu-Cu pair by about 
281 cal per mol, and Eq 13 shows that 
the interaction energy of the Zn-Zn pair 


is weaker than that of the Cu-Zn pair 


by about 869 cal per mol. It follows that 
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a Cu-Cu bond and a Zn-Zn bond will be 
unstable with respect to two Cu-Zn bonds 
to the extent of 1150 cal per mol as given 
in Eq 14. Thus, reaction 15 tends to go 
to the right. 

Consider » bonds of which icy will 
be Cu-Cu pairs, 7z, will be Zn-Zn pairs, 
and *cu-z will be Cu-Zn pairs. Since 
the coordination number is the same for 
Cu and Zn, the number of Cu atoms 
associated with Cu-Cu bonds (2%cy) and 
Cu-Zn bonds (cu-zn), and the number of 
Zn atoms associated with Zn-Zn bonds 
(2mzn) and Cu-Zn bonds (cwm), at 
25 at. pct Zn must be present in the ratio 
of three to one. 

2Ncu + Neu-zn 3 


=~ [16] 


‘28mm —---NCa-mn i. 


Also 

: [17] 
since the total number of bonds is constant 
for a given volume. 

For the reaction of bonds, Eq 15, we 
may identify the change in energy as 
AF° by the assumptions involved in 
Eq to and because both reactants and 
products are in their standard states. 
We may also write an equilibrium constant 
for the reaction 


n = NCu ae Nin +e NCu-Zn 


NCu-Zn” 
NCu NZn 


K= 


which, from Eqs 16 and 17, becomes 


(n — 4120)” 
ioe 2Nmn(n + 2Mzn) 
Alternatively, the same equation may 
be deduced by considering the bonding 
situation in completely ordered and dis- 
ordered alpha brass at 25 at. pct Zn. 
For the ordered system each zinc atom 
will be surrounded by 12 Cu and each 
copper atom by 4Zn and 8Cu. Since 


there are 3N/4 Cu and N/4 Zn atoms 


present, there will be 6N Cu-Cu and 


6N Cu-Zn pairs, or 
n/2 = Nou.= Ncu-zn 


for the completely ordered structure. 

If the ordered structure then reacts 
to produce mz, Zn-Zn pairs, we have the 
following situation: 


Cu-Cu + Zn-Zn = 2Cu-Zn 


n/2+ nm Nan n/2— 2Nan 


which gives immediately, 


- (n= Anan)? 
2nNza(n + 22) an 


If we divide both numerator and de- 


nominator by n?, and let x = a 
(ti==4%)? 
Re 2x(x + 2x) Pa 


In the completely ordered structure 
discussed above there were no Zn-Zn 
bonds, and « is zero. In the completely 
disordered structure each atom, regard- 
less of kind, will be surrounded by 9Cu 
and 3Zn atoms. Thus, we can count 
the following pairs: 27N/4 Cu-Cu, 3N/4 
Zn-Zn, and 18N/4 Cu-Zn. In this case x 
is one sixteenth. 

Inserting these concentrations for the 
limits into the equilibrium constant shows 
that K must go to infinity as order becomes 
perfect and to four as order becomes 
random. At very low temperatures the 
equilibrium system should approach per- 
fect order, while at very high temperatures 
disorder should be nearly complete. From 


' thermodynamics the equilibrium constant 


is related to the standard free energy 
change by: 


Ki= e—AF0/RT 


Since AF° is negative, K! will vary from 
infinity to unity as 7 goes from zero to 
infinity, so to satisfy our limiting con- 
ditions we must take 
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0.4734 — 3 See ee 
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This corresponds to a decrease of about 
18 pct in the number of Zn-Zn pairs com- 
pared with the random distribution which 
would exist in an ideal solution. This is an 
appreciable tendency toward short range 
order even at this temperature. 

Repeating the same calculation for 
700°C gives AF® = —1116.8 cal per mol of 
bonds and x = 140. corresponding to a 
decrease from the random proportion of 
23 pct. The reaction energy has changed 
very little in this 250 degree interval while 
the short range order has increased some- 
what with decreasing temperature as 
expected. 

A second approximation for 950°C 
and 25 at. pct. obtained by correcting 
for the nonrandom distribution of nearest 
neighbors gave a value for x of 14g). 
Since this represents an over correction 
the value should converge on further 
approximation to about 1/9. Since the 
paragraph on page 7 shows that the 
entropy due to nonrandom mixing may be 
neglected, we have gone beyond the regular 
solution approximation, retaining only the 
assumption that all interaction energy 
arises between nearest neighbors. 

Superimposed on the ordering in the 
first coordination shell there should be a 
tendency toward coherency over a larger 
aggregate. This would produce a small 
decrease in entropy, and the extent to 
which it occurs, therefore, may be expected 
to increase with decreasing temperature. 
Together with the small entropy due to 
short range order, this effect will enhance 
the heat effect in increasing order at lower 
temperatures. 

With regard to the relative stability 
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of the various brass phases as a result of 
the relative number of the three types 
of bonds and their energies involved in 
the respective lattices, let us consider 
only perfectly ordered configurations for 
simplicity, acknowledging that the situa- 
tion is far more complex except at low 
temperatures in the beta phase and in 
the gamma structure. 

The derived energy relationships show 
that the stability of the three types of 
bonds present decreases in the order 
Cu-Zn, Cu-Cu, Zn-Zn at 25 at. pet Zn. 
This relative stability should be affected 
very little by concentration over the 
alpha and probably in the beta field 
where the interatomic distances are similar 
and the binding is clearly metallic. In 
the more complex structures where the 
binding shows many of the characteristics 
of covalency considerable changes might 
be expected. However, the deviations 
from Raoult’s law for both copper and 
zinc appear to be negative throughout the 
entire range of compositions so that, al- 
though the relative magnitudes may shift, 
it is unlikely that the order of stability 
changes. If this is assumed, the stable 
structure will be the one minimizing the 
Zn-Zn pairs consistent, of course, with 
the necessity for transforming the system 
from the cubic close packed copper struc- 
ture to hexagonal zinc with increasing 
zinc concentration. The relative stability 
of all possible structures must be con- 
sidered in order to predict the particular 
one which will be stable at a given con- 
centration. Although the present analysis 
will not permit this, it can be shown that 
the known behavior of the brass system 
is consistent with our picture. 

Starting from the copper end of the 
diagram, zinc may be added up to 25 at. pct 
without necessitating the formation of 
Zn-Zn pairs. Beyond this, every zinc 
atom added to the alpha phase requires 
the formation of at least four Zn-Zn bonds 
per added atom. 
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The body-centered cubic lattice of beta 
brass can take up zinc to 50 at. pct without 
forming any nearest neighbors of zinc 
(in its perfectly ordered structure). How- 
ever, the second nearest neighbors are so 
close that the face centered cubic phase 
will be stable until a considerable number 
of Zn-Zn pairs are formed. Thus, the 
transformation takes place between 30 
and 45 pct depending on the temperature. 

By the same criteria the beta phase 
becomes unstable with respect to the 
gamma phase, which exists as a brittle 
ordered structure resembling covalent 
compounds in some respects. The following 
paragraphs briefly describe the alpha, 
beta and gamma structures and give 
approximate bond distances based on 
X-ray data and density values. 


ALPHA BRASS 


Alpha brass is a face-centered cubic 
crystal with four atoms per unit cube. 
One may be a zinc atom without forming 
any Zn-Zn pairs if order is perfect. Addition 
of further Zn necessitates the formation 
of four Zn-Zn pairs per zinc atom in this 
perfectly ordered lattice. In the ordered 
structure the symmetry will no longer 
be full cubic. 

At 25 at. pct zinc there are 64.02 grams 
per NV atoms. The density is about 8.35 
grams per cc at 700°C and 8.14 grams 
per cc at 850°C, and the lattice parameter 
is 3.70 < 10-® and: 3.73 X 107® cm-at 
the temperatures given. The closest inter- 
atomic distance is 2.62 A at 700°C and 
2.64 A at 850°C. 


Beta Brass 


The body centered cubic lattice con- 
tains two atoms per unit cube, one of 
which may be Zn without formation of 
nearest Zn-Zn pairs when order is perfect. 
Addition of further Zn forms eight Zn-Zn 
pairs per additional Zn atom. The sym- 


metry is cubic in the ordered configuration. 
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At 50 at. pct Zn there are 64.48 grams 
per N atoms. The density is 7.82 grams 
per cc and 7.66 grams per cc and lattice 
parameter 3.01 X 107§ cm and 3.03 X 
to~§ cm at 7co°C and 850°C, respectively. 
The interatomic distances are 2.61 A 
and 2.62 A at 700°C and 850°C, respec- 
tively. For these temperatures the second 
nearest distances are 3.01 A and 3.03 A. 
Note that the second coordination shell 
is much closer than in the face-centered 
lattice where the distances are 3.70 A 
and 3.73 A. 


Gamma Brass? 


Gamma brass is a complex cubic struc- 
ture of tetrahedral symmetry containing 
52 atoms per unit cube, which, at a com- 
position corresponding to Cu;Zng, forms a 
perfectly ordered lattice with the given 
number of pairs at the approximate dis- 
tances listed. In the last column of Table 1 
the number of pairs that would be present 
in a fictitious random arrangement are 
also tabulated. 


TABLE I 
Distances at Nineteen 
Kind | Number Pe pesos 
25°C 700°C istribution 
Zn-Zn I2 2.55A 2a 78.7 
24 2.60 2.65 
96 2.70 2.75 59.0 
Cu-Cu 12 2.50 2.55 30.8 
24 2.70 2.75 23.0 
Cu-Zn 72 2255 Peay 98.5 
72 2.60 2.65 
24 2.75 ey 73.9 
24 2.95 3.01 


For comparison, in body-centered cubic 
cells containing 20 Cu and 32 Zn atoms 
of coordination number eight there would 
be about 
30 Cu-Cu 
go Zn-Zn 
98 Cu-Zn 

and 160 Cu-Zn| pairs corresponding to an 
48 Zn-Zn | ordered arrangement 


pairs corresponding to ran- 
dom distribution 
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The crystallographic information given 
shows that the structure shifts in the 
direction that will minimize the number 
of close Zn-Zn pairs by increasing the 
relative proportion of Cu-Zn pairs. 

The activity data on copper suggest 
that beyond 80 at. pct Zn no Cu-Cu pairs 
are formed. The activity coefficient does 
not change beyond that point, so the 
chance of escaping depends only on the 
number of atoms present. Hence, they 
must not interact with each other to any 
great extent. 

Jones!® has succeeded in calculating 
the alpha-beta phase boundaries with good 
accuracy from the quantum mechanical 
point of view. His description is another 
aspect of the same phenomena discussed 
above. The earlier treatment, while it 
gave far better quantitative results, does 
not give such a detailed qualitative 
description as is afforded by the more 
approximate treatment used here. Nor 
does it demonstrate the degree of short 
range order existing in solid solutions. 

It would appear that any quantitative 
theory of nucleation must be based on 
statistical fluctuations about the real 
distribution of the components of solution 
rather than on statistical deviations from 
an assumed random arrangement, as 
pointed out by Mehl and Jetter." 


FREE ENERGY CHANGE DUE TO THE 
ENTROPY oF SHORT RANGE ORDERING 


In making the assumption that our 
solution is regular, the entropy term in 
the free energy has been taken equal to 
that for an ideal or random solution. 
Although it seems reasonable intuitively 
that this error would be small, it is impera- 
tive that some quantitative estimate be 
attempted. 


The entropy of mixing » components! is 


= —R » xi ln x; 


#=1 
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where «; is the atomic fraction of the 7th 
component. For a random solution of 
25 at. pct Zn there will be 27N/4 Cu-Cu 
bonds, 3NV/4 Zn-Zn bonds, and 18N/4 
Cu-Zn bonds, or Xou-ce = 46, ¥%Zo-zn = 
146, Xcu-zn = 3g. The entropy of mixing 
is then, for random solution, 


AS; = —R(%{6 7s %e6+ Koeln 
M6 + 36 In 3g) = 0.86478R 


If xz is 149 as calculated for 950°C, 
Xeu = 214g and Xou-mn = 154g. The entropy 
of mixing of these bonds for the real 
solution is then 


AS, = —R(?36 In 248g + Mo In 
“As + 154. In 15gg) = 0.84064R 
— (Ss, = —o.015R 


The free-energy change —TAS due to 


this short range ordering, is 36.4 cal per~ 


mol of bonds. Since this is considerably 
less than 5 pct of the standard free energy, 
it may readily be neglected in the approxi- 
mation given here. 


SUMMARY 


Assuming that all interaction energy 
can be assigned to pairs of neighboring 
atoms, the degree of short range order 
in alpha brass has been calculated at 
25 at. pct Zn and at temperatures of 
950° and 700°C. At 950°C the numberof 
Zn-Zn bonds is about 15 pct less than 
the random proportion, 145, and about 
20 pet less at 700°C. 

In alpha brass the stability of the three 
types of bonds decreases in the order 
Cu-Zn, Cu-Cu, Zn-Zn. Assuming that 
this order of stability is the same in the 
other phases of the copper-zinc system, 
the stable phase should be the one which 
provides for the greatest ratio of Cu-Zn 
to Zn-Zn pairs consistent with the re- 
quirement that the structure change from 
cubic close packed, f.c.c., copper to 
hexagonal zinc with increasing zinc con- 
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centration. It has been shown that at 
50 at. pct Zn (CuZn) the body-centered 
cubic lattice fulfills these conditions with 
» respect to the face-centered cubic lattice, 
while at a composition corresponding to 
Cus;Zng the ordered gamma phase satisfies 
the requirements better than the body- 
centered cubic beta phase. 
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DISCUSSION: : 
(R. G. Treuting presiding) 


R. Smorucnowski1*—The author’s study 
of the relation between vapor pressure and 
degree of order in binary alloys is extremely 

- interesting and’ fruitful. I believe it is hardly 
necessary to point out that the common, 
greatly oversimplifying, assumption of ran- 
domness in binary alloys was only a necessary 
evil resulting from lack of better knowledge 
of what are the deviations from this idealized 
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* Carnegie Institute of Technology, Pitts- 
burgh, Penna. 
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condition. In fact, many authors pointed out 
that there are reasons to believe that binary 
alloys are not random. The evidence for short 
range order, however, is not easy to obtain 
and so far the best work is probably that of 
Guinier on short angle X ray scattering. In 
case of brasses, such scattering is difficult 
to obtain because of similarity of copper and 


* zinc. On the other hand, in zinc-silver alloys 


similar relation should exist and could be 
subject to X ray detection. Vapor pressure 
measurements on that system are in progress 
in our laboratory. 
The author seems to conclude that the 
degree of order and number of pairs of a 
certain kind determine the stability of various 
phases in the copper-zinc system. I do not 
believe this is correct. On the one hand the 
ratio of the number of one kind of bonds, 
say the zinc-zinc bonds, to the total number 
of bonds depends upon the atomic concentra- 
tion of the alloy and the degree of order. This 
is true of all phases: alpha, beta, gamma, etc. 
On the other hand, one of the best established 
facts in the field of binary alloys is the role of 
electron concentration in copper alloys as 
evidenced in the various regularities brought 
out by Hume-Rothery. The range of stability 
of various phases does not depend upon the 
atomic concentration but upon the valency 
of the solute and the resulting concentration 
of valence electrons. Convincing theoretical 
reasons for it were given by Jones. It seems 
most unlikely that the difference in the number 
and energy of various kinds of bonds for 
various degrees of order in neighboring phases, 
for instance alpha and beta, would depend in a 
simple and critical manner upon electron 
concentration, rather than upon atomic con- 
centration. This does not mean that the 
energy of a bond may not depend upon electron 
concentration although the idea of such bonds 
between neighbors is not easily reconciled 
with the modern interpretation of metallic 
binding. Another, somewhat indirect, evidence 
of the unimportance of order phenomena 
is the fact that the composition of 25 atomic 
pet at which the ordering energy in a face- 
centered cubic lattice changes in an abrupt 
manner does not appear as a singular point 
in any way in the binary systems of copper. 
Also, the presence of a high degree of long 
range order in beta brass and lack of such 
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order, or at least of such a high degree of 
order in beta phases in other copper alloys, 
does not seem to affect in any way the range 
of existence of alpha and beta phases as given 
by the electron concentration. The higher the 
valency of the solute the higher would be the 
' polar forces between the atoms of the solvent 
and the solute and the stronger the ordering 
tendency. The agreement with the Hume- 
Rothery rule seems to indicate again that these 
factors do not play an important role in 
determining the stability of various phases. 


L. S. DarKEn*—I want to congratulate the 
author for a very nice job, of the type for 
which we have been waiting for a long time. 

The application of statistical mechanics 
has been becoming more and more prevalent 
in various fields. In the field of gases it was 
accepted long ago and has been a most useful 
tool. At the present time we might say it is 
almost the exclusive tool in the determination 
of gas equilibria. In the field of liquids, particu- 
larly organic liquids, the use of statistical 
mechanics has been increasing, particularly 
in the last decade, and is now used to a very 
large extent. If anyone had looked at it from 
this viewpoint, I think he would have felt 
quite sure that the time was coming when 
this most useful tool would be applied to 
metals and metallic solutions. This afternoon, 
it seems that that time has arrived, and the 
authors have shown how the principles of 
statistical mechanics may be used to throw 
light on the fundamental nature of the metallic 
state, in particular of the copper-zinc alloy, 
brass. 

I think that the chemical bond energies 
that have been considered here are perhaps 
the most important feature, as the authors 
have pointed out, in the determination of the 
thermodynamic properties of the solid solution. 
Still there has been another exceedingly suc- 
cessful method of attack on this type of 
problem and that is the method used by 
Hume-Rothery. In fact, it might be said that 
Hume-Rothery’s attack has been astonishingly 
successful, but not in a completely quantita- 
tive sense. The two principal factors considered 
by Hume-Rothery in determining the stability 
or limits of a primary solid solution are the 


*U. S. Steel Corp., Research Laboratory, 
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geometry of the situation, or size factor 
(atomic diameter) and the chemistry of the 
situation (electronegativity). 

This paper deals with this second or chemical 
bond aspect of the situation, and it seems that 
that does account very well for this particular 
system. However, if this procedure were 
used on another system, it seems quite likely 
that the results would not fit quite so well, 
that this other factor—the geometry of the 
situation—might be very important. 

Hume-Rothery has shown very convincingly 
that the atomic diameters are of primary 
importance in determining the extent of solid 
solution. In the case of the copper zinc system 
the difference in atomic diameters is not 
excessive (about 8 pct, whereas 15 pct is 
regarded as necessary to seriously limit the 
extent of solid solution). . 

It might be thought that these two factors 
need not be separated and that in considering 
the energy of the chemical bond both factors 
may be included. However, I would be dis- 
posed to think that such is not the case since 
the chemical bond energy is regarded as 
highly localized, whereas the disruptive effect 
(on the lattice) of different size atoms is 
spre-d over a large region so that the energy 
involved in this latter may be regarded as 
distributed over the whole attice and cannot 
be taken into account by the method of this 
paper. 

The excess entropy of mixing is very small 
for Cu-Zn alloys but this is by no means 
general, at least for liquid metals. For example, 
the excess free energy change of mixing liquid 
gold and cadmium (to give the 50-so alloy) 
is —400o0 cal whereas AH is —1000 cal. In 
this case, the larger part of the excess free 
energy of mixing resides in the excess entropy 
increase. Such a situation seems very difficult 
of interpretation in terms of bond energies only. 

I want to repeat that I think the author 
has done a fine job in showing how a very 
powerful method may be applied to give us 
insight into metallurgical problems. 


C. E. BircHENALL (author’s reply)—AI- 
though Pauling,* in a recent paper, pictures 
the metallic bond as a set of covalent-like 
bonds distributed over nearest neighbors by 
resonance, I did not intend to imply here 
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that the bond energies or interaction energies 
used in these calculations were localized inter- 
actions arising from electrons associated with 
specific atoms in the alloy lattice, that is, 
that a Cu-Zn bond was something that could 
be lifted out of the lattice. In an alloy phase 
at the various centers corresponding to atoms of 
type A there will be nearest neighbors of A 
and 8B in varying proportions. Around some 
of these centers there will be more than the 
average number of A, around others less. 
The assumption here has been that the total 
binding energy as measured by the tendency 
of A to vaporize from its surroundings is a 
linear function of the proportion of A and B 
in the first coordination shell. This is, of 
course, an approximation. 

Jones, on the other hand, assumed that 
the substitution of a zinc for a copper atom 
served only to increase the total number of 
available bonding electrons by one. This, too, 
is an approximation. Both approximations 
seem to have worked quite well for the copper- 
zinc system. Of the two, it seems to me likely 
that the first will have the more general 
validity. Despite allegations to the contrary, 
the thermodynamic activities include dis- 
tortions due to the different sizes of atoms as 
they affect binding energies, whereas the 
Jones method pictures the introduction of a 
zinc atom as only the addition of an electron 
to a copper lattice. 

It should be noted that the proportion 
of pairs of various types of bonds and the 
electron concentration both change with com- 
position. Since the electrons themselves form 
the bond holding the atoms together, it 
seems unreasonable to conclude, as does Dr. 
Smoluchowski, that the two are not uniquely 
related. If a unique relationship does exist, 
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as the author firmly believes, it should then be 
possible to give a satisfactory representation 
in either set of terms, the two being equivalent 
except insofar as the assumptions necessary 
to simplify the mathematical treatment may 
differ. 

The quasi-chemical method as applied to 
ordering phenomena assumes that the entire 
ordering energy comes from nearest neighbors 
and not from atoms at greater distances. 
Long range order affects the energy only in 
changing the proportions of nearest neighbors 
of given types. Actually, this phenomenon | 
has been treated successfully only by methods 
similar to this, whereas the Jones type of 
treatment has nothing to say about order, 
long or short range. 

It is not really surprising that order-dis- 
order transitions have no striking effect on 
the range of existence of the phase in quest on. 
This range is determined entirely by the free 
energy of the phase. Although the internal 
energy and entropy differ considerably between 
ordered and disordered phases, they combine 
to protuce very little difference in free energy. 
In other words, these are transitions of the 
second order. Since the activities are partial 
molar free energies it is impossible for them - 
to change discontinuously in any phase 
diagram. 

As suggested by both Dr. Darken and Dr. 
Smoluchowski, the real test of the valid ty 
and utility of the simplifying assumptions 
involved in the quasi-chemical and quantum 
mechanical treatments of phase equilibria 
lies in the application to systems where size 
and electronegativity differences are greater 
than for copper and z'nc. Unfortunately, 
satisfactory activity data are not available 
for this test. 


German Practice in Refining Secondary Aluminum 


By James T. Kemp,* Mremper AIME 
(New York Meeting, March 1947) 


SoME interesting and, to American eyes, 
rather unusual processes for refining im- 
pure aluminum derived from scraps were 
found by American and British investiga- 
tors who went into Germany in 1945 for 
the Technical Industrial Intelligence Com- 
mittee of the Joint Chiefs of Staff. What 
was found was recorded in a series of 
reports (see page 1891), many of which 
have been released for general reading. This 
paper gathers under one title and sum- 
marizes the German work in refining light 
metal scrap. Reference must be made to 
the original reports for greater detail. 
Basically, the occasion and stimulus for 
the German developments in treating light 
- metal scrap were hard necessity. Germany 
needed the metal for a rapacious war in- 
dustry. Adequate supplies of new aluminum 
from reduction works were not assured. 
Great quantities of airplane and other light 
metal war scraps were forecast. It. was 
evident that the scrap metal would have 
to be reabsorbed by the producing industry 
and would have to be kept of good quality. 
The normal current production of manu- 
facturing scrap was being and could be 
consumed as generated. It offered no 
technical problem. The mixed scraps, 
especially those arising from crashed and 
decommissioned airplanes, however, pre- 
sented problems of another kind. 


Manuscript received at the office of the 
Institute Dec. 17, 1946. Issued as TP 2143 in 
Merats Trecuno.oey, April 1947. 

* Metallurgical Engineer, The American 
Brass Co., Waterbury, Connecticut; formerly 
Mission for Economic Affairs, London, 
England. 


AIRPLANE SCRAP 


The recovery of usable aluminum alloy 
from the mixed assemblies that made up 
the piles of airplane scrap was attacked in 
different ways by different groups and with 
differing degrees of success. 

Three procedures actually were used on 
a commercial scale, one was in pilot-plant 
stage and another had come to a halt in 
the laboratory a year before Germany 
collapsed. Four of these five processes 
actually involved “‘refining”’; that is, some 
measure of purification of the metal after 
melting. 


SORTING AND SEPARATION ON A 
SLOPING HEARTH 


The simplest procedure for utilizing 
airplane scrap involved no refining in the 
strict sense of the word. This was the 
practice adopted by two representative 
plants visited by the author, the Leipziger 
Leichtmetalle Werke, Rackwitz, Saxony, 
and the Vereinigte Leichtmetalle Werke, 
Hanover. These firms did essentially the 
same thing that was done in England but 
not with equal success, to judge by their 
shorter experience, the smaller tonnage 
handled and by the number and quality 
of alloys produced. The two German 
firms named rough-sorted scraps by their 
easily recognizable alloys, essentially by 
part and shape. They used hand labor to 
chop and hack and tear apart. The easily 
separated heavy metal and nonmetallic 
scraps were discarded as they were found. 
Steel and the higher-melting-point metal 
parts riveted to aluminum or built into 
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airplane structure were separated by 
melting the aluminum away on inclined 
hearths of special furnaces. The light 
metal of engine assemblies was reclaimed 


quality, or ingoted if too far off grade for 
use in wrought alloys. This frequent samp- 
ling kept the manual sorting under close 
control, 


Fic 2—TyPICcAL STOCK PILE OF AIRPLANE SCRAP. 


in the same furnaces but with less pre- 
liminary dismantling. Engine scrap melt 
was much less in volume than structural. 
It found an outlet in casting grades. 
Propellers were re-used in forging grades. 
The residual heavy metal left on the hearths 
was raked out of the furnaces and dis- 
posed of as steel or mixed scrap without 
further attention. 

Fig 1 is a sketch of the Leipziger Leicht- 
metalle Werke’s Wistra furnace at Rack- 
witz. All the later German inclined-hearth 
furnaces were built on Wistra* design, 
though it may be said no two plants had 
exactly similar furnaces. All furnaces 
were built with two sumps, wells or fore- 
hearths in which the molten aluminum 
accumulated, one hearthful or about 
two metric tons at a time. As the fore- 
hearths filled they were sampled, the 


samples quickly analyzed and the liquid: 


metal transferred to one of the holding 
furnaces in the casting shop, if good enough 


* Wistra Ofenbau, a subsidiary of Koppers. 


Practically all airplane scrap passed 
through sloping-hearth furnaces, whether 
known to carry foreign matter or not. 
Leipziger Leichtmetalle reported consider- 
able success in working up these mixed 
scraps (sheet, extrusions, forgings, cast- 
ings, rivets, etc.); ie., the amount of 
metal recovered too low in grade for use 
in making alloys to be rolled or extruded 
was small. Leipziger’s sorting was approach- 
ing the point where all the inclined-hearth 
melt was going directly to the mill casting 
shop. Vereinigte Leichtmetalle Werke’s 
experience was much more limited but 
the management there said that had the 
plant continued in operation another 
year 85 pct of the metal consumed at 
Linden would have been scrap. Much of 
this would have been airplane scrap, as 
was indicated by the provision for two 
top-charging inclined-hearth schact ofen, 
in the partially completed new casting shop 
in addition to the floor-level charging 
hearth in the old casting shop, or three 
such furnaces in all. New aluminum, 
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with perhaps 10 pct secondary added, 
would have been used only for highly 
stressed parts of airplanes. The change 
would have saved Rm 1.25 per kilogram. 

It should be mentioned that crashed and 
decommissioned planes were cut up by hand 
labor at the scrapping fields scatteredaround 
Germany, into pieces of size convenient 
to ship by rail or truck. The consumers 
therefore began their work on pieces that 
were seldom less than one meter on a 
side. They often got half the wing of a 
big plane, whole tails and large pieces 
of fuselage from which only attachments 
of strategic value had been removed. 
Fig 2 is a typical pile of airplane scrap 
in a consumer’s yard. 


THE Beck Process, I.G. FARBEN 
INDUSTRIE 


By all odds, the most extensive German 
scrap-recovery operation was that set up 
in 1941 at Bitterfeld, Saxony, as an 
adjunct to the reduction departments of 
one of the country’s two largest producers 
of primary light metals. Scrap was handled 
in a separate department. Unlike other 
German scrap plants, primary and second- 
ary metals were not mixed; instead some 
secondary was refined to provide the dilu- 
tion necessary to upgrade all secondary to 
specification quality. It was this refining 
operation that was unique. The scrap 
department got into production in 1942 
and soon proved to be a practical and 
profitable operation on an output of 100 
metric tons of aluminum-copper alloy 
a month. Plans were thereupon drawn 
for another much larger scrap plant, rated 
at 1500 tons of aluminum per month, 
500 tons of which was to be “‘refined.” 


' The new plant was 80 pct completed when 


Germany collapsed. 

The I.G. Farben process depended less 
on manual sorting than the other going 
procedures. It was named for Dr. Adolf 
Beck, Senior Metallurgical Consultant. 

I.G. Farben worked up industrial scrap 


179 


as well as airplane scrap. The new plany 
was laid out for an average monthly 
consumption of: 


Tons 

Aluminum airplane scrap, rough weight I,100 
Albumin turnin gsi esac ci,cead.. a: oe A600 
Zaluminuns clips tere ieneriens creer eee 64 
Total Serane ter eae eh 1,764 
Production: Aluminum-copper alloy.... 1500 
Magnesium remelting ingot 200 

Recovery. DCE serene 85 


Some small tonnage of primary casting- 
shop scraps, sweeps and drosses were to be 
fed in. The 15 pct shrinkage, or 264 tons, 
includes heavy metal discard, paint and 
nonmetals burned off on the inclined- 
hearth furnace, as well as metallurgical 
loss. The equipment of the two scrap 
departments was well designed. The old 
department was stated to have produced 
5000 metric tons of aluminum and 1500 of 
magnesium in three years, as follows: 


YEAR ALUMINUM MAGNESIUM 
1942 1,170 300 
1943 1,600 400 
1944 2,200 800 


I.G. Farben did not refine all the scrap 
it processed. The industrial scrap bought 
was sampled and graded on receipt and 
was treated along conventional lines. Less 
than half of the airplane scrap was refined. 
Both old and new plants were so arranged 


that any metal passing through could be 


refined if desired. The sloping-hearth 
furnaces, likewise, were used occasionally 
for melting chips and cabbages that 
needed no refining. All airplane scrap, 
however, passed through the sloping- 
hearth furnaces. 

The Beck process of refining employed two 
unique metallurgical steps on a large scale: 
(x) the precipitation of iron, silicon, manga- 
nese, chromium, vanadium, molybdenum, 
titanium, zirconiumandcerium intermetallic 
compounds in the melt and their removal 
by filtration, and (2) the removal of mag- 
nesium, zinc, cadmium, lead, calcium, 
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bismuth, barium and antimony by dis- pit and allowed to cool slowly to within 
tillation under vacuum. Nickel, copper 20° or 30°C of the solidifying temperature. 
and tin were not removed. Nickel and tin . From one half to one hour was allowed. __ 
were found in such small quantities that The solidifying temperature of every 
Aircraft, M@ Scrop, 
scrap ? 
Stack ; 
furnace {|_| ven 
Other metals ~ 
mechanically removed : 
Mg | Filter 
10°%e : £ 
Impurities | 
(Fe,Mg, Si, etc.) 
filter 
Al Alloy ingots removed by 
according to Air 
Force stand 
i 
et . 
Induction & Mg \ngot 
fut pace Distilling 
furnace 
Mg ‘Ingot 3 
Fic 3—FLOWSHEET OF SCRAP-RECOVERY PLANT, I. G. FARBEN. ‘ 
they were not troublesome; copper was ladleful was determined on 2-kg samples 
not considered detrimental but made it by a recording immersion pyrometer. 
necessary to use the whole output for the On reaching the predetermined tempera- 
duralumin-type alloys. Fig 3 is a flowsheet ture the ladle was transferred to a pouring 
redrawn by H. H. Hall from the German _ stand beside the filter. : 
original. The filter (Fig 4) was a conical sheet- ; 
steel structure with a false bottom, , 


Filtration 


Aluminum to be refined was drawn 
from the forehearths of the inclined-hearth 
furnace into unlined iron ladles of about 
two metric tons capacity. The ladle was 
weighed and molten magnesium added 
to the extent of 25 to 30 pct of the net 
weight. The magnesium was also from 
scrap sources and normally would also 
benefit by reduction of the metals re- 
moved by the filter. 

The ladleful of mixed aluminum-mag- 
nesium was put into a gas-fired holding 


mounted on top of a closed ladle pot. The ‘ 
pot was airtight and could be exhausted i 
to a pressure of 10 to 15 mm mercury to . 
hasten the flow of the cool sluggish metal 
through the filter bed. The filter was about 
1200 mm in top diameter by g00 mm deep. 
The false bottom was a circular steel 
plate 590 mm in diameter perforated with 
950 holes of so-mm diameter. It rested 
on a ledge 150 mm above the bottom. The 
filter bed proper was a layer of crushed 
basalt 40 to 50 mm deep, sized between 
1o and 20 mm, The filter assembly was 
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preheated above 450°C before pouring 
commenced. Ten to fifteen minutes was 
required to filter 2500 to 3000 kg of metal. 

When a ladleful of metal had been 
filtered and all the liquid passed into the 


Perforated Plate 


Transverse Section 


FILTER CONE 


Seot 


cumulated, remelted and refiltered. No 
regular outlet had been developed for the 
final aluminum-iron-silicon residues. A 
net loss of aluminum of 2 pct or less is 
indicated at this point. 


Hydrogen Gas Supply 


Suction Connection 


FILTER PoT Cover 


Fic 4—FILTER POT AND CONE, ALUMINUM SCRAP REFINERY, I. G. FARBEN. 


receiving pot, the vacuum was released, 
the filter and cover plate were removed 
from the pot and another tight cover carry- 
ing the discharge siphon and a compressed- 
air connection were put on. The closed 
pot was moved to a gas-fired holding pit, 
where it was reheated and kept until the 
contents was needed for the next step. 
The precipitate mass remaining on the 
filter amounted to 10 to 20 pct of the 
alloy poured. The precipitates were ac- 


Distillation 


The vacuum-distillation furnaces (Figs 
5 and 6) are essentially 50-cycle induction 
melting furnaces holding about one metric 
ton. They are wholly enclosed in gastight 
sheet-steel housings. On each side above 
the crucible are horizontal unlined cylin- 
drical steel condensers, roughly one meter 
in diameter by two meters long, in which 
the metal vapors condense and solidify. 
The condensers are surrounded by fire- 
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brick-lined outer casings. Resistance heat- 
ing coils are mounted in the air space 
between to regulate condenser temperature 
"and to thaw out the magnesium for 
removal. There are two prolongs from 


each condenser, the lower one for tapping 
and. the upper one for inspection access. 
The furnaces are mounted on riding rings. 
They rotate about the horizontal axis 
through the condensers. Hydrogen and 
vacuum connections are at the rear of the 
top and are served by flexible tubing 
from behind the furnace. Electric power 
leads are attached at the bottom, centrally 
in the usual manner. 
The distilling furnace and condensing 
_ spaces were filled with hydrogen at a 
zi pressure slightly above atmospheric 
- during the pouring-charging period. The 
furnaces were charged and emptied through 
the one small opening in the pouring spout. 
Furnaces were rocked to pour finished 
metal into ladles in the usual way. They 
were turned up to receive the new charge 
from the siphonic delivery pipe of a filtrate 
pot. Pots were swung into position by 
- overhead cranes. The end of the delivery 
pipe was held opposite the taphole and a 
little above a traplike pouring-receiving 
lip. The hot metal was transferred by air 
- pressure applied to the filtrate pot. The 
delivery end of the siphon was kept at a 
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little distance from the receiving lip, 
to prevent any blast of air from entering 
the hydrogen-filled furnace. 

After the charge was in, the furnace was 
sealed and evacuated down to 2 mm mer- 


Fic 6—DIsTILLATION FURNACE PARTIALLY ASSEMBLED, UPSIDE DOWN, I. G. FARBEN. 


cury. A half hour was required. The 
temperature of the condensers was brought 
into the 300° to 400°C range. The melt 
was raised to 950°C, at which temperature 
distillation proceeded most economically. 
About an hour and a half was required for 
the cycle. 

Magnesium was allowed to accumulate 
from two charges before the condensers 
were reheated to melt the solidified metal. 
The tapping prolong was thawed with a 
blowtorch. Magnesium was cast into 
remelting ingots for sale. There had been 
sufficient magnesium scrap to make recir- 
culation of the distilled metal unnecessary. 

The composition of the metal at the 
several stages was about as follows: 


Metal from the Inclined Hearths, Pct 


rons pesos ars On ana-mare 
Manganese........ ou7 to-T.6 
SiltcOmbicsteaeeecs 0.7 to I.0 
Mass Remaining on Filter Bed, Pct 
Lromerctaiecoien aa 7.0 to 8.0 
Manganese........ 3.0 to 4.0 
Siliconleesasie soe 5.0 to 10.0 
Magnesium....... 15.0 to 20.0 
Aluminum........ balance 
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Filtrate, Pct 
FON sitet settee ere 0.05 to 0.07 
Manganese........ 0.1 too.2 
Silicon seeteas setae + .0,.3 t0'0.5 

Refined Aluminum after Distillation, Pct 
TLOD G5 aresioee se ape Oe L 
Manganese........ 0.13 to 0.25 
Siicon 2 a.cseterne 0.4 
Magnesium....... 0.2 t00.5 
Copper........... Depending on 


original charge 
Depending on 

original charge 
Distilled Magnesium, Pct 


INickelés.2 ees 


ZING oyna Be abo et 3.0 to 5.0 

Lead Trace 

Cadmium’). c.0.2-.- Trace 
Refiltered Precipitate, Pct 

ETON? petites wa slets 13.0 and up 


Refiltered Precipitate Filtrate, Pct 
Tron aeaset ciate 0.4 t00.7 


Apparatus and General Details 


The foregoing description is confined to 
the actual plant visited in 1945 and the 
operation as pieced together from inspec- 
tion, interrogation and data obtained. 
As can easily be imagined, there had been 
many difficulties. The filtering step was 
one of the later developments and replaced 
settling followed by decantation. Dense 
precipitates, such as FeAl;, that settle 
on standing, and lighter ones like Mg»Si, 
that rise, seem to have been handled 
equally well. The apparatus was simple. 

It was a striking thing to note the use 
made of closed process vessels and the 
manipulation of atmosphere and pressure 
within them; pressures were dropped below 
atmospheric to hasten filtration, still 
lower to facilitate distillation. Air above 
atmospheric pressure was used for rapid 
transfer of melted metal through small 
passages. Such liberties have not often 
been taken in this country. 

Great quantities of mechanical equip- 
ment, piping and control apparatus were 
needed. There were routine supplies of 
producer gas, hydrogen, compressed air, 
suction lines and electricity with all the 
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pumps, compressors and other machinery 
these services require. 

Material was moved by hand, by indus- 
trial truck, by overhead crane and by 
gravity. The refinery, conventional scrap- 
handling equipment and casting shop in 
the new scrap department were all under 
one roof, in a modern, commodious three- 
bay brick and steel structure with base- 
ment. Metal of every category was to 
have moved in generally parallel paths 
over much the same floor from the east 
end to the holding furnaces in the casting 
shop at the west end. Fig 7 shows a plan 
of the new scrap department. There was 
also a large building alongside for receiving 
and sorting commercial scrap, cleaning and 
drying chips. 


THREE-LAYER ELECTROLYTIC PROCESS 


The second refining process used on a 
production scale was that of the Vereinigte 
Aluminium Werke at Grevenbroich, in 
the Rhine Valley. This reduction works 
adapted the standard three-layer elec- 
trolytic re-refining pot to the treatment of 
impure scrap with little change in equip- 
ment. Fig 8 is a sketch plan and section of 
one of the pots. 

Airplane scrap was given the minimum 
of manual attention before passing through 
a Wistra-type inclined-hearth furnace to 
separate the steels. The charging stack 
of this furnace was built at an angle of 
45°, to permit more continuous charging 
and minimize wear on the hearth. — 

The quality of the metal from the in- 
clined hearth was so poor that substantial 
upgrading was needed. This was done by 
refining a portion and blending the refined 
metal and high-grade secondary from other 
sources with the run of inclined-hearth 
melt. Actually, new primary was regularly 
fed in at the refining stage. 

The- electrolytic re-refining pots made 
99.99 pct aluminum before the war. An 


inclined passage was built in one side, ° 


opening into the pot at the bottom, 
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through which fresh molten charge entered. 
From time to time sludge from accumulat- 
ing impurities was scraped out through the 
same opening. The pot otherwise was 
normal. 


Fic 8—ALUMINUM PURIFYING FURNACE, VERE- 
INIGTE ALUMINUM WERKE. 
Dimensions in centimeters. 


Current entered the pot via the carbon 
bottom. Three suspended carbon electrodes 
were the opposite contact and lead. The 
bottom layer of impure molten alumi- 
num, 30 cm deep, was the anode. It 
was alloyed with some 28 to 30 pct of 
copper to give it the density necessary to 
keep it at the bottom. The intermediate 
layer was an 8 to 1o-cm thick molten mix- 
ture of fluorides of aluminum, barium, 
sodium and calcium, having a specific 
gravity between the underlying anode 
alloy and the pool of pure aluminum that 
accumulated on top and served as cathode. 
Aluminum migrated under the influence 
of the electric current from the impure 
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melt at the bottom upward through the 
flux electrolyte to the purified layer on 
top. The whole formed a column of delicate 
equilibrium. It was necessary to introduce 
new metal beneath the flux layer, to avoid 
disturbing it, and to skim refined metal 
quietly from the surface. The main diffi- 
culty lay in removing the sludges from the 
accumulating impurities in the bottom and 
in keeping the bottom layer in condition. 
Impure bottoms would freeze occasionally 
and shut down a pot. The fluoride flux 
was sensitive to magnesium and broke 
down if that element came in with the 
charge. It was necessary therefore to 
wash magnesium from all the alloy to be 
refined, by a preliminary melting in a 
bath of cryolite and aluminum chloride. 
The pots operated at 5 volts and con- 
sumed 20 kw-hr per kilogram of aluminum 
refined. The product was 99.94 grade. 

The electrolytic cell, moreover, could 
not handle a full scrap-metal charge. The 
scrap, therefore, was diluted with new 
aluminum from the reduction pots in the 
proportion of 70 pct scrap to 30 pct new 
metal. The V.A.W. operation does not 
present a very attractive picture. 


Scumipt MERcuRY PROCESS 


The third unique process had reached 
pilot-plant stage by an inidrect route. 
Prof. H. Borchers, of the Technische 
Hochschule, Munich, is credited with the 
basic concept of refining aluminum-silicon- 
iron alloys, the Silumins, with mercury. 
Silumin was made by the direct reduction 
of clays and was used for the high-silicon 
casting alloys. The proposal was taken up 
by one Walther Schmidt at the outbreak 
of the war. Schmidt also proposed to 
recover aluminum from aluminum-silicon- 
iron residues from a silicothermic process 
for magnesium. Some governmental sup- 
port was given the project. With it Schmidt 
set up a small plant at Eula, southwest of 
Leipzig. Government support was with- 
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drawn after a time. Schmidt then turned 
his attention to refining impure aluminum, 
adapting the plant he had built to the 


3. The solution was filtered twice, to 
separate the insolubles, and then wa 
cooled in an appropriate vessel. 


Granulating 
furnace 


Dissolver 


Condenser Heat 


Condenser |Distiller 


| & 

; residue ingot 

ez FIG 9—FLOWSHEET OF SCHMIDT MERCURY PROCESS. 

_ new objective. The plant had a nominal 4. Aluminum separated on cooling and 

rating of 7000 tons of'aluminum from ore in turn was filtered out. The precipitate 

_- per year. was washed several times with clean 

: The process (Fig 9) was in outline about mercury and squeezed to expel entrained 

as follows: mercury. 

we 1. The incoming impure aluminum was 5. In the last step the purified aluminum 
granulated. precipitate was melted under vacuum, 


cf 


2. The granulated metal was charged 
into a retort fired externally by gas, which 
was heated to 600°C. Mercury, preheated 
to 650°C and under a pressure of 22 
atmospheres, was admitted. Mercury dis- 
solved everything except iron, silicon, 
titanium and vanadium at this temperature. 


superheated to 800°C to distill and recover 
the last traces of mercury. Aluminum was 
cast directly from this furnace. 

Mercury clinging to the iron-silicon 
residues was recovered by vaporization 
and condensation. All the mercury re- 
covered from each step was washed with 
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water, gathered in reservoirs, filtered and 
returned to the process. 

The quality of refined aluminum made 
‘is indicated by an analysis given to 
A. J. Sidery, of the R.A.F., the investiga- 
tor who examined the plant. 


PER CENT 
Copper...... o.7 and over 
Magnesium.. o.1 and over : 
as depending on 
Silicotie...cc ss o.1 and over oar 
the original 
Manganese.. 0.008 and over 
alloy 
EONS. Seances o.o1 and over 
DANG igs tees 0.05 and over 
Nickel....... Trace 
Tin. . 0.01 
Lead . 0.06 
Titanium.... Trace 
Vanadium... Trace 


A copper-bearing aluminum of 99 pct 
grade is indicated. The copper and mag- 
nesium were not considered detrimental in 
aluminum to be used for duralumin. 

Serious problems of material and design 
were involved in building a plant to use 
mercury and to work at temperatures of 
650° and 800°C, and also at pressures 
from low vacuum to 525 psi. Krupp’s 
V2A steel, a stainless of the 18-8 type, 
was used for most of the apparatus. The 
best filters were made of fire clay (prob- 
ably burned porous tile) protected by 
perforated metal plates. The 800°C va- 
porizers were lined with graphite. Molten 
aluminum was discharged through a 
graphite pipe. 

Mercury losses were minimized by 
enclosing the heating vessels and by passing 
flue gases through water in cooling towers. 
Great care was taken in the details of 
assembly to avoid leakage. The plant 
made intermittent trial runs but was not 
reported to have come into continuous 
production. 

It became known to the investigators of 
the Combined Intelligence Objectives Sub- 
committee that I.G. Farben was also 
experimenting with a mercury process 
for refining aluminum. I.G. Farben’s 
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metallurgists were confident that they 
would be able to remove copper. 


ZINCAL PROCESS 


The Zincal Process was another approach 
to the problem of refining impure alumi- 
num. It had been studied in the labora- 
tories of the Vereinigte Leichtmetalle 
Werke in Hanover. The Zincal process 
belongs in the same family as the Beck 
and Schmidt processes, like them in 
utilizing a solvent with a temperature- 
saturation characteristic but differing from 
them in the use of zinc instead of mag- 
nesium or mercury. The advantage was to 
lie in simple equipment working at at- 
mospheric pressure. The Zincal process 
also evolved from a study of equilibrium 
diagrams. The details have been imper- 
fectly reported. It may be significant that 
V.L.W. studied the Zincal process and 
committed itself to the much simpler 
procedure of hand sorting and the inclined 
hearth. 


CONCLUSION 


This paper has been written as a brief 
report on the wartime work of German 
metallurgists in dealing with the problems 
of impure secondary light metals. 

References were found in an I.G. Farben 
report to other proposals for refining 
aluminum, patents and publications by 
an American, Willmore; by a Japanese, 
Ohinata; a Russian, Wensorski-Trotzski; 
and in French by Foundaminsky and 
Loevenstein. The metallurgical literature 
of the world had been studied. Except 
for the three-layer electrolytic process, the 
metallurgical phenomena used seem to 
have been indicated in the equilibrium 
diagrams of the various binary systems. 
No great measure of originality is therefore 
attributed to the men who put these Ger- 
man refining processes to work but they 
do deserve credit, particularly the I.G. 
Farben group, for their courage in risking 
unconventional metallurgy on a grand 
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scale. One may applaud their courage and 
question their wisdom. 
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DISCUSSION 


(L. S. Dietz presiding) 


_ §. L. Hoyt*—This paper by Dr. Kemp 
% recalls a meeting I had with Professor Borchers, 
inventor of the mercury process for purifying 
scrap aluminum and impure virgin metal. 
That was in the summer of 1945 at Weihen- 


* Technical Advisor, Battelle Memorial 


Institute. 
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stephan, Bavaria, where his laboratory had 
been moved from Munich. 

Professor Borchers’ work on refining alu- 
minum was brought about by wartime con- 
ditions and had as objectives a reduction or 
elimination of the electric power required for 
metal production (electrolysis), avoiding the 
use of cryolite and high-grade electrode 
carbon required by the Hall process, permit 
the use of low-grade bauxites and carbon 
(coke), and, in general, a simplification of plant 
and process. This led, as the first step, to the 
idea of the carbon reduction of alumina in a 
graphite-lined furnace by coke and oxygen- 
enriched blast. 

By starting with impure bauxite, the carbon 
reduction gave metal with iron, silicon, etc., 
as impurities. This impure metal was then to 
be refined by the mercury process, as ex- 
plained by Dr. Kemp. It was stated that the 
insoluble metals are iron, manganese, nickel, 
titanium, and silicon. However, by permitting 
more silicon in the refined aluminum, it is 
possible to lower the magnesium content. 
The metals which dissolve in the mercury are 
lead, zinc, cadmium, bismuth, tin, and copper. 
These metals would normally appear in the 
final product, but by selecting raw materials, 
adjusting the time-temperature cycle of the 
mercury treatment, and by fractional dis- 
tillation of the mercury solution, it should be 
possible to reduce or eliminate those metals. 

As for the purity of the aluminum that 
can be produced by the mercury process, 
Professor Borchers seemed to feel that a 
grade of 99.9 pct of Al or Al + Cu could be 
regularly made without using electric power. 

I gathered no information on the practical 
operation of this process, but I met Dr. 
Schmidt, mentioned by Dr. Kemp, and he 
seemed very optimistic about his plant at 
Eula. After preliminary work was done on the 
production of prime metal, the government 
became more interested in refining scrap 
aluminum and the work was diverted in 
that direction with, of course, appropriate 
modifications. 


F. C. Frary*—Without detracting in any 
way from the fine engineering work done by 
Dr. Beck and the JI. G. Farbenindustrie in 


* Aluminum Co. of America, New Kensing- 
ton, Penna. 
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connection with the so-called Beck Process, 
I would merely call your attention to the 
fact that that process was actually invented 
in America and disclosed in a U. S. patent 
(No. 1,918,339) issued to Mr. W. D. Keith 
of our laboratories in 1933. 

I have no evidence that Dr. Beck knew 
about this patent, but I presume that he did, 
because the Germans kept close watch of our 
patents. It was never developed to a practical 
process in this country because the commercial 
situation did not justify the expenditure of 
the money, since we could get rid of those high 
iron alloys cheaper in other ways. 

Likewise the electrolytic refining process 
was based on the original patent (No. 673,364) 
of William Hoopes of our company, which was 
issued in 1901 and supplemented later by 
other patented developments. Our company 
was the first to actually electrolytically refine 
aluminum by the three-layer process. We 
refined 400,000 or 500,000 pounds by that 
process in the 20’s and then shut down the 
plant because we could not sell the high 
purity metal sufficiently higher than the regular 
metal to justify the expense. 

However, the electrolytic refining process 
did work very well in Germany. I had a chance 
to see that process in operation at Greven- 
broich last fall. The cells were working very 
satisfactorily. The conditions in the room were 
(contrary to what you had been told) very 
satisfactory, and they did not seem to be 
having any trouble in getting out the iron- 
silicon-manganese sludge. 

It was necessary, however, to pretreat 
the aircraft scrap in an alternating current 
furnace using a mixture of cryolite and common 
salt in order to remove the magnesium from 
the alloy, because otherwise magnesium in the 
anode alloy would dissolve in the bath and 
contaminate it and reduce the specific gravity 
to the point where you would soon have to 
start throwing it away. 


J. Fonpat*—I do not want to discuss 
here the patent which was just mentioned by 
Dr. Frary. The processes described in the 
paper and in the various reports made by 
American and British investigators in Ger- 
many are, called the Beck Process, Mercury 


ue eee ORS Aluminum Corp., New York, 
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Process or Zincal Process. I wish to emphasize — 
that it is not at all a German invention and it is 
not a Beck, Mercury or Zincal Process, but a 
Loevenstein Process. As a matter of fact, the 
inventor is Mr. Loevenstein, and the method 
of purification of aluminum scrap by employing 
various metals such as mercury, zinc, mag- 
nesium, tin or their alloys, was developed by 
him in France in 1938. The patent was applied 
for in Germany in 1939, and its specification 
was very well known to the Germans. I am 
president of the French Corporation which 
owns the invention and patents in France. 
Almost immediately after the occupation of 
Paris, the Germans came to my home and the 
representative of Walter Schmidt, who claimed 
to have developed the so-called mercury 
process, approached many times the said 
French company and its patent attorney in an 
attempt to obtain information about the 
invention and the tests and experiments 
made. And, strange as it may seem, Walter 
Schmidt had even proposed a certain sum for 
the exclusive right to exploit the process in 
Germany. 

I represent here the Independent Alu- 
minum Corporation, 
patent rights in the United States. I wish to 
state that by the said process it is possible 
not only to refine the scrap but also to manu- 
facture the commercial pure aluminum of — 
99.7 pct Al and even 99.8 pct Al by extracting 
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which acquired the 7 


it from silico-aluminum produced by the — 


reduction of aluminum ore such as low grade - 
bauxite, kaolin or clay. The Germans of course 
showed great courage and wisdom in develop- 
ing the process and in refining aluminum 
scrap on a. large commercial scale. Unfortu- — 
nately in this country Mr. Loevenstein and I 
have spent a great deal of time trying unsuc-— 
cessfully to induce private corporations and 
governmental agencies to exploit the invention. 
Incidentally, T.V.A. performed certain tests 


and experiments reducing low grade bauxite — 
and clay and succeeded in producing silico- — 


aluminum containing up to 70 pct aluminum, 
about 22 pct silicon plus some iron and titanium. 
At the present time, the Bureau of Mines 


has been investigating at College Park the — 


refining of scrap using zinc as an extracting 


metal. I would like to ask Mr. Kemp whether he f 


can explainwhy the Germansused mercury when 
other metals could have been easier to employ. — 
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J. T. Kemp (author’s reply)—I cannot 
explain why Schmidt chose the Mercury 
process. His first work was, as mentioned, an 
attempt to refine crude high silicon alloy 
of the Silumin type, reduced directly from 
German clay. He turned to the refining of 
impure scraps when governmental support 
for the first undertaking was withdrawn. There 
appeared to have been a maze of business, 
personal and political intrigue involved by 
which Schmidt was crowded out. Mr. Hall 
and I learned, just as we left the Leipzig area, 
that I. G. Farben was experimenting with a 
mercury process by which, it was stated, 
copper would be removed from the alloys 
also. We left Bitterfeld just ahead of the 
Russian occupation. There was no time to go 
back to investigate, if indeed the metallurgists 
involved could have been found by then, 
Some of the latter have been in England and 
the United States since and could be questioned 
on the proposed procedure if it were deemed 
worthwhile. 


S. Rorre*—TI should like to ask Mr. Kemp 
if he has any details of the induction furnace 
shown in Fig 3. He did not describe it and I 
wonder whether the induction furnace that 
he mentioned is for the melting of the final 
ingots of aluminum. 


* Scomet Engng. Co., N. Y., N. Y. 
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J. T. Keme—The one induction furnace 
shown on the screen was the vacuum dis- . 
tillation furnace. 


S. RoLrte—I mean the other one that you 
did not show. 


J. T. Kemp—That other furnace indicated 
in Fig 3 was the mixing-holding furnace from 
which the final billets and rolling mill ingots 
were cast. I would refer you to the report, 
“Aluminum and Magnesium Production and 
Fabrication” at I. G. Farben, A. G. There 
are some seventy or eighty drawings in this 
report including details of the casting shops, 
furnaces and other equipment. 

There are other TIIC reports in which 
German light metal melting furnaces are 
shown. The report on the Leipziger Leicht- 
metalle Werke, P. B. 1583 or 23748, describes 
a curious three-phase induction furnace con- 
sisting of a 4-ton capacity melting furnace 
rated at 450 kw on two phases and a smaller 
holding furnace rated 80 kw on one phase. 
The melting furnace was mounted slightly 
above the other and poured through a hollow 
trunion when it was tilted. The holding 
furnace received its metal through one hollow 
trunion and poured through the other. Elec- 
trically they were one three-phase furnace. 
This furnace was built by Brown-Boveri. 

A good deal of mechanical ingenuity of this 
kind was seen in German metallurgical works. 
Two and three phase induction furnaces werenot 
infrequently found in light metal casting shops. 


Precipitation in Age-hardened Aluminum Alloys 
By A. H. Greister* MremBer AIME, Aanp F. KELLERT 


(Atlantic City Meeting, November 1946) 


ALTHOUGH the subject of precipitation 
from solid solution appears to be one of 
the more profitable fields in metallurgy 
for study with the electron microscope, 
few comprehensive studies have yet been 
made. Occasionally electron micrographs 
have been published that illustrated 
alleged precipitation in various alloys, 
but frequently the apparent size, shape 
and distribution of the particles do not 
fully agree with those expected from 
theory or from observations of the pre- 
cipitate when the particles have grown 
to a size resolvable with the light micro- 
scope. The presence of a Widmanstitten 
pattern for submicroscopic precipitate 
particles has been demonstrated for only 
a few aged alloys. 

The initial problem has been the de- 
-velopment of suitable techniques for 
applying the transmission-type instrument 
to a field that has been inherently asso- 
ciated with reflection-type microscopes. 
The various techniques have been the 
subjects of numerous publications, and 
instead of describing them individually 
here it will suffice to say that the oxide 
film method has proved to be the most 
satisfactory method yet found for studying 
the microstructure of aluminum alloys 
with the electron microscope. This method 
has the definite characteristic advantage 
that the actual surface layer of the speci- 
men is examined and not a plastic or silica 
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replica. Doubtless suitable methods for 
forming and removing the oxide film could 
be developed for alloys of other metals. 

The purpose of this report is to point 
out the characteristics of the oxide film 
method that have been observed during 
the studies of numerous aged aluminum 
alloys and to present the results of these 
studies. 


PREPARATION OF SPECIMENS 


The oxide film method for preparing 
specimens of aluminum alloys for examina- 
tion in the electron microscope has been 
described in detail previously.1? Briefly, 
the procedure consists of preparing the 
metallographic specimen, forming the film 
by anodic oxidation and removing the film 
from the prepared surface of the oxidized 
specimen. The specimen is polished ac- 
cording to the usual procedure for micro- 
scopic examination.’ The specimen may 
then be etched to remove flowed metal 
but etching to attack the alloy constituents 
or to leave them in relief as in the replica 
processes is not necessary. Electrolytic 
polishing is not generally recommended. 
Deep-etched specimens are used fre- 
quently, however, since they provide 
information that is not revealed by 
polished specimens and frequently present 
the same information more clearly than 
do the polished specimens. The surface 
preparation of specimens to be deep- 
etched is not important, since specimens 
that have been subjected to the first wet 
polishing operation are generally used, 
but frequently the as-rolled surface is 
suitable. These specimens are then etched 
using a suitable macroetching reagent. 
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After the metallographic or deep-etched 
specimen has been prepared the oxide 
film is made. This is formed in an electro- 
lyte containing 12 per cent disodium 
phosphate (NazHPO,-12H.O) and 0.4 per 
cent sulphuric acid, balance water. The 
prepared specimen held by a spring clip 
bent from aluminum sheet is made the 
anode, a piece of lead or aluminum sheet 
is used as the cathode and a potential of 
20 to 4o volts is applied. The time of 
oxidation is not critical, since the film 
forms in the first few seconds after the 
voltage is applied, and in this electrolyte 
the film does not increase appreciably 
in thickness with time. It is important, 
however, that the film be formed immedi- 
ately after etching before the specimen is 


‘dried.* The etched and washed specimen 


bearing a retained layer of distilled water 
is immersed in the electrolyte, the con- 
nections are made and the voltage is 
applied. A rapid rise and fall of current 
shown by the ammeter indicate that a 
film has been formed. Removal of the film 
is accomplished by the mercury method, 
which is adequately described elsewhere.! 
The total time required to prepare a 
thin film by the oxide method is con- 
siderably less than that required by 
replica processes that involve an evapora- 


tion, and it is comparable to that re- 


quired by plastic negative replica processes. 
The destruction of the specimen is no 
disadvantage since the oxidized 


é. specimen may be cut and the film removed 


from only part of the surface. Additional 
deep-etched or metallographic specimens 


_ usually can be prepared in less time than 


that required for evaporation of additional 
replicas. 
CHARACTERISTICS OF OXIDE FILM 
SPECIMENS 
The ability of the oxide film method to 
reproduce surface contour has been well 


* This is necessary to avoid the formation 


of an oxide film prior to the electrolytic 
treatment. 
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demonstrated in electron micrographs of 
deep-etched specimens. A film of fairly 
uniform thickness is formed over all 
elements of the surface regardless of 
relative elevation and angle of inclination. 
In addition to general surface contour, 
the oxide film specimens include other 
features for study with the electron 
microscope; features such as constituent 
particles occluded in the film that are 
frequently the subject of the usual metallo- 
graphic examinations. This originates in 
the inherent characteristics of certain 
constituents such as MnAl, and Si to be 
unattacked and only slightly oxidized 
during the film-formation treatment. Par- 
ticles of these constituents are occluded 
in the oxide film and appear as such in 
electron micrographs.!? Electron diffrac- 
tion patterns have been made for such 
films and the patterns characteristic of 
MnA\l, and Si have been identified.* 
Unfortunately, the constituents of pri- 
mary interest in studies of aged aluminum 
alloys are not those that are oxidized 
more slowly than the aluminum matrix 
but are the constituents such as CuAlbs, 
Al-Cu-Mg, Mg.Si, MgZn». and B(Al-Mg) 
which are oxidized and dissolved at a 
much faster rate than the solid solution 
matrix. This is demonstrated in Fig 1, 
which shows the microstructure of cross 
sections perpendicular to polished and 
oxidized surfaces of as-cast rich alloys 
containing some of these constituents. 
The micrograph of the aluminum-nickel 
alloy is included for comparison since 
the constituent in this alloy is oxidized 
* The advantage of using oxide film speci- 
mens for both electron microscopic examination 
and for electron diffraction identification is 
obvious. It has been found that the aluminum 
oxide film is amorphous and does not produce 
a pattern that conflicts with that of the crystal- 
line constituents. Research in this direction 
has not yet progressed to the point where film- 
formation treatments are known that will not 
result in the oxidation and solution of all 
constituents regardless of composition and 
particle size. With the present recommended 
treatment the very small particles of even 


the more highly resistant constituents are 
dissolved out of the film. 
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at about the same rate as: the aluminum 
matrix. The oxide film on the matrix 
is much too thin to be resolved in cross 
section in these micrographs. The depth 


to the aluminum matrix, the size of the 
particles and the position of the particles 
relative to the original polished surface 
of the metallographic specimen. 


Some 


FIG 1—PREFERENTIAL SOLUTION OF CONSTITUENTS RESULTING FROM ANODIC TREATMENT USED 
TO FORM OXIDE FILM SPECIMENS. 
Light micrographs of polished cross sections perpendicular to oxidized surface. X 500, 


a. Constituent-MgZnse. 
c. Constituent-pAl-Mg. 


of preferential attack of the constituent 
network is apparent in the micrographs 
and measurements are listed in Table 1. 
Examination of electron micrographs 
has revealed that there are several modes 
of occurrence of alloy constituents in 
oxide film specimens. These apparently 
depend upon the rate of oxidation and 
solution of the constituent in reference 


b. Constituent-MgeSi. 
d, Constituent-NiAls. 


of these have been demonstrated in 
previous papers!” while others have been 
encountered more recently. Before con- 
sideration of the results of the aging 
studies, an explanation of the manners 
in which constituent or precipitate par- 
ticles are portrayed by the oxide film 
specimens should be desirable. 

An attempt has been made in Figs 2 
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and 4 to schematically illustrate in cross 
section the apparent reaction of con- 
stituent particles to the anodic oxidation 
treatment, whereas Figs 3 and 5 to 7 
are electron micrographs illustrating the 
typical modes of appearance. Two groups 
of particle sizes have been considered; 
(t) particles of a size several times the 
film thicknesses as shown by Fig 2, and 
(2) particles of a size equivalent to the 
thickness of the oxide film and less (sooA 
and less) shown by Fig 4. In the latter 


TABLE 1—Behavior of Constituents on 
Forming Oxide Film Specimens* 


Constituents That Oxidize More Slowly or at about 
the Same Rate as Aluminum 


Constituent Alloy Composition, Per Cent 
Al-Mn-Si Al+2Mn42Si 
aAl-Cu-Fe Al+1Cu+1Fe 
Al-Cu-Fe-Mn Al + 2Cu-+2Fe+2Mn 
Al-Fe-Mn Al+ 1.3 Fe + 1.5 Mn 
MnAle Al+3Mn. 

aAl-Fe-Si Al + 12 Fe + 7.5 Si 
BAI-Fe-Si Al+ 1.5 Fe + 4.5 Si 

FeAls Al + 5 Fe 

Si Al + 20 Si 

Zn Al + 25 Zn 

NiAls Al+ 10 Ni 


Constituents That Oxidize at a Noticeably Faster 
Rate than Aluminum 


Depth of oye 

Constituent | Preferential Er position, 

: Solution, In. me ENI2 8 
Al-Cu-Mn 0.0001 Al+oCu+1Mn 
BAI-Cu-Fe 0.0001 Al + 2.5 Cu + 1 Fe 
CuAle 0.0004 Al + 10 Cu 
Al-Cu-Ni 0.0005 Al+4Cu+4Ni 
Al-Cu-Mg 0.0006 Al+ 4Cu +6 Mg 
Mg:Si 0.0007 Al + 20 Mg + 12 Si 
vAl-Ag 0.00II Al + 30 Ag 
BAI-Mg 0.0014 Al + 15 Mg 
CrAl; 0.0014 Al + 2Cr 
Al-Cr-Fe 0.0020 Al + 4 Cr+ 4 Fe 
MegZne2 0.0056 Al+ 5 Mg + 25 Zn 
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* A procedure similar to that used to determine 
the behavior of alloy constituents in sulphuric acid 
and chromic acid electrolytes for forming anodic 
coatings! was used to obtain these data. Metallo- 
graphically polished samples of cast rich alloys of 
the listed compositions were anodically treated in 
the disodium phosphate electrolyte for 2 min at 
30 volts. The specimens were then cross-sectioned 
and polished on a plane perpendicular to the oxidized 
surface. By means of microscopic examination, the 
alloys were separated into the two classes as listed 
above, depending upon whether or not the con- 
stituents had been dissolved to a measurable depth _ 
below the general surface. Measurements of depth 
of solution were made on the samples in which the 
constituent had been preferentially dissolved. 
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case particles at various positions through 
the film thickness are illustrated while in 
both cases the two types of constituent 
mentioned earlier—those that oxidize more 
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Fic 2—DIAGRAM OF CROSS SECTIONS 
REPRESENTING THE VARIOUS MANNERS IN 
WHICH CONSTITUENT PARTICLES OF SIZES 
SEVERAL TIMES THE FILM THICKNESS ARE 
PORTRAYED BY OXIDE FILM SPECIMENS. 

A. Original sample. 

B, Oxide film bearing unattacked con- 

stituent particle. 

B’. Oxide film pulled free from unattacked 
constituent particle. 

Oxide film bearirg partially dissolved 

constituent particle. 

E. Oxide film lining cavity from which 
constituent particle was completely 
dissolved. 


CD. 


slowly than the aluminum (Figs 2B and 
4B) and those that oxidize at the same 
rate or faster (Figs 2C to EZ and 4C)—are 
considered. 
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Fic 3—VARIOUS MODES OF APPEARANCE OF LARGER CONSTITUENT PARTICLES AS PORTRAYED BY 
OXIDE FILM SPECIMENS. POLISHED METALLOGRAPHIC SAMPLES. 

a. Opaque constituent particles attached to film from 25S-T alloy forging. HNO; etch. X 10,000. 

b. Holes left by constituent particles in film from Al-1.4 per cent Mg2Si alloy sheet aged at 650°F. 
Electropolished. 8000. 

c. Partially dissolved constituent particles in film from 61S-T alloy sheet. Keller’s etch. X 20,000. 

d, Oxide-lined cavities left by dissolved constituent on film from 61S-T alloy sheet. Keller’s etch. 
X 20,000. 
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The appearance of large constituent 
particles depends in general upon degree 
of oxidation and solution of the particles, 
which varies from little solution of the 


/4 
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were only slightly attacked as in Fig 2B 
but the oxide had pulled free from the 
particles during removal of the oxide 
film specimen from the metal sample and 


\ 
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Fic 4—DIAGRAM OF CROSS-SECTIONS REPRESENTING VARIOUS MANNERS IN WHICH VERY SMALL 
CONSTITUENT PARTICLES OF SIZES COMPARABLE TO THE THICKNESS OF THE OXIDE FILM OR LESS ARE 


PORTRAYED BY OXIDE FILM SPECIMENS. 
A. Original sample. 


B. Oxide film in which constituent particles were oxidized at a rate equal to one half the rate 


of oxidation of the aluminum matrix. 


C. Oxide film in which constituent particles were oxidized at the same rate or faster than the 


aluminum matrix: 


Oxidation products of constituents not completely enclosed by oxide film are assumed to be dis- 


solved or washed away. - 


constituent as in Fig 2B to complete 
solution as in Fig 2#. The constituent 
particles are apparent in the electron 
micrograph either as opaque particles 
or as outlined areas of the same density 
as the matrix, as shown by Figs 3a and 34d, 
respectively. Combinations of these ex- 
tremes have been observed in which 
partially dissolved particles were present 
in outlined areas as represented by Fig 2D 
and illustrated by Fig 3c. A special case 
has been observed in which the particles 


holes were left through the film as in 
Fig 2B’ and illustrated by Fig 30. 

Several modes of appearance of the 
very small constituent particles also 
have been recognized: 

1. Particles of sizes less than the thick- 
ness of the oxide film and present on the 
polished surface may be partially or 
completely dissolved and the oxidation 
products washed away as in Figs 4B 
and C and thus, are represented as light 
areas in micrographs corresponding to 
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Fic 5—FINE PRECIPITATE IN ALUMINUM. 1.23 PER CENT SILICON ALLOY SHEET AGED AT 420°F, 
AS-POLISHED SAMPLES. 

a. Film from sample aged for 5 minutes. X 45,000. / 

b. Film from sample aged for 16 hours. X 35,000. 

c. Same as b. X go,000. Note partially dissolved precipitate particles in some of the light spots. 
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Fic 6—FINE PRECIPITATE IN COMMERCIAL ALLOYS PORTRAYED AS THIN SPOTS IN OXIDE FILM 
SPECIMENS. 


a. Alloy 24S-T sheet. Deep etched. X 30,000. 

b. Alloy 24S-Ts: sheet. Polished sample. HNO; etch. X 20,000. 
c. Alloy 75S-W sheet. Polished sample. HNO; etch. X 20,000. 
d. Alloy 75S-T sheet. Polished sample. HNO; etch. X 10,000. 
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STATTEN PATTERN OF ‘PRECIPITATE PORTRAYED AS ELONGATED THIN AREAS IN 
OXIDE FILM SPECIMENS. 
a, Aluminum-ro per cent silver alloy aged 10 days at 
320°F'. As-polished sample. X 20,000. 
b. Alloy 24S-Ts; sheet. Deep etched. X 25,000. 
c. Alloy 24S-Ts: sheet. Deep etched. X 15,000. 
d, Alloy 18S-T forging. Deep etched. X 30,000. 
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Fic 8—MICROSTRUCTURE OF 61S ALLOY SHEET AS REVEALED BY OXIDE FILM SPECIMENS. 
a. Alloy 61S-W sheet. Polished sample. Keller’s etch. X 20,000. 
b. Same as a. Deep etched. X 20,000. 
c. Alloy 61S-T sheet. Polished sample. Keller’s etch. X 35,000. 
d. Same as c. Deep etched. X 20,000. 
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thin areas in the oxide film. These may 
contain partially dissolved particles as in 
Fig 5c. 

2. Small particles below the original 


AGING OF AL + 


the electron micrographs 
Figs 5 to 7. 

The preceding discussion was concerned 
only with constituent particles present 
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AGING TIME 4 
Fic 9—CHANGE IN TENSILE PROPERTIES ON AGING SOLUTION-HEAT-TREATED SAMPLES OF ALUMI- 
NUM-I.4 PER CENT MAGNESIUM SILICIDE ALLOY AT VARIOUS TEMPERATURES FROM 70° TO 650°F. 
Data on vertical axis at right are for annealed samples (as-rolled sheet annealed 14 hour 


at 650°F). 


surface may be partially or completely 
. oxidized and may be trapped with their 
oxidation products in the aluminum 
oxide film as in Figs 4B and C and thus 
appear as dark areas in the electron 
micrographs. 

3. Small particles below the polished 
surface at the interface of the oxide and 
metal may be unoxidized, regardless of 
the nature of the constituent, and remain 
attached to the under surface of the oxide 
film. Such behaviors are illustrated by 


in their original sites prior to formation 
of the oxide film. Other factors also may 
influence the appearance of constituents 
as portrayed by the oxide film specimen. 
Partial or complete solution of the particles 
may occur during etching or electro- 
polishing and behaviors similar to some 


of those described above may occur 


regardless of the action of the film-forma- 
tion treatment on the constituents. In 
addition, unoxidized particles of con- 
stituent that appeared in the metal below 
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: the oxide-metal interface of the oxidized AGING AND PRECIPITATION 
metallographic specimens may be freed 
from the aluminum by the mercury during 


The microstructure of numerous com- 
mercial alloys in the hardened tempers 


the’ film-removal process and may be and of a few high-purity alloys that had 


‘ 
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Fic jo Srevcriae oF DEEP-ETCHED SAMPLE OF ALUMINUM-I.4 PER CENT MAGNESIUM SILICIDE 
ALLOY SHEET AGED 2 WEEKS AT 70°F. 

a. Block structure. X 20,000. i ; 

b. Enlargement of part of a showing mottled matrix. X 100,000. 

picked up on the film. Although the been solution heat treated and then 
latter behavior frequently is desirable, aged was studied by means of the electron 
it may be avoided by adequately washing microscope. The compositions of the alloys 
the film specimens. are listed in Table 2. Nominal compositions 
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Fic 11—EVIDENCE OF PRECIPITATION IN ALUMINUM-I.4 PER CENT MAGNESIUM SILICIDE ALLOY 
SHEET. 

a. Light micrograph of sample aged 36 hours at 320°F. Electropolished. X soo. 

b. Light micrograph of sample aged i hour at 420°F. Electropolished. X 500. 

c. Light micrograph of sample aged 2 hours at 420°F. Electropolished. X 500. 

d. Electron micrograph of oxide film from sample aged 2 hours at 420°F. Deep etched. X 35,000. 
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Fic 12—PLATES OF PRECIPITATE AND BLOCK STRUCTURE REVEALED BY OXIDE FILMS FROM 
DEEP-ETCHED ALUMINUM-1.4 PER CENT MAGNESIUM SILICIDE ALLOY SHEET AGED 4 HOURS AT 
650°F. X 8000. 
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Fic 13—PARTIALLY ETCHED—OUT PRECIPITATE IN ELECTROPOLISHED SAMPLE OF ALUMINUM-I.4 
PER CENT MAGNESIUM SILICIDE ALLOY SHEET AGED 24 HOURS AT 650°F, 


a. Light micrograph. X 500 
b, c. Electron micrographs of oxide film specimens. X 8000. 
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only are given for the commercial alloys. stituents present in the commercial alloys, 
Electron micrographs of many of the which appeared as randomly distributed, 
samples are shown by Figs 3 and 5 to relatively large particles. Many of the 
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Fic 14—PRECIPITATE IN DEEP-ETCHED SAMPLE OF ALUMINUM-1I.4 PER CENT MAGNESIUM SILICIDE 
ALLOY SHEET AGED 24 HOURS AT 650°F.. X 12,000. 


14. Precipitation from solid solution was micrographs exhibit small, white spots, 
considered to be represented by a regular which, as previously explained, are con- 
pattern in contrast with insoluble con- sidered to be indicative of very small 


208 


precipitate particles that have been oxi- 
dized and dissolved to leave gaps in the 
oxide film specimens. That this feature 
complies with aging theory is demonstrated 
by Fig 5. Only a few white spots appear 
in Fig 5a, whereas many appear in Figs 
56 and sc, which are micrographs for a 
specimen of the same alloy aged for a 
much longer time, so that more pre- 
cipitate would be expected. In addition, 
many overlapped, opaque particles of the 
silicon precipitate attached to or de- 
posited on the film are present in Figs 
50 and «. 


TABLE 2—Composition of Wrought 


Aluminum-base Alloys Studied 
Per Cent 


Other 
Fe Elements 


The precipitate in aged aluminum 
alloys in which copper is the major alloying 
addition appeared in general as small 
white spots in the electron micrographs. 
In 24S alloy aged at room temperature 
these were accompanied only by larger 
insoluble constituent particles as in Fig 
6a, but in 24S alloy aged at an elevated 
temperature they were accompanied also 
by larger precipitate particles as outlined 
areas within the grains and by a network 
of large particles at the grain boundaries 
as in Fig/60. In some samples of artificially 
aged 24S alloy, larger white spots were 
present, which represented sections through 
the expected plate-shaped precipitate par- 
ticles, as in Figs 7b and 7c. A micrograph 
for an aged aluminum-silver alloy is 
shown by Fig 7a for comparison but 
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in this case the precipitate was of much 
larger plates. Smaller precipitate plates 
are represented by the light spots in 
Fig 7d, which is for a commercially heat- 
treated and aged forging alloy. The 
precipitate in another forging alloy that 
had been heat-treated and aged to maxi- 
mum strength is shown by Fig 3a. In 
this sample the precipitate particles varied 
in size from those represented by the 
small white dots to the larger partially 
transparent (gray) and opaque particles. 
These larger particles may not be of the 
precipitate that causes age-hardening but 
they may be particles of an insoluble 
phase such as silicon. The difficulties 
attendant on studying complex commercial 
alloys are obvious. 

The constituent in aluminum-zinc-mag- 
nesium alloys is attacked at a much faster 
rate than the aluminum matrix and 
probably faster than any of the other 
alloy constituents, as was shown by Fig tra. 
Thus, the precipitate in 75S alloy, which 
is the alloy studied of this type, would be 


- expected to appear as thin areas or outlined 


areas according to the diagrams in Figs 
2 and 4. The electron micrographs in 
Figs 6c and 6d reveal that this is true. 
The precipitate formed in 75S alloy 
aged at room temperature was repre- 
sented by white spots and small outlined 
areas as in Fig 6c. Many particles of 
undissolved constituents are apparent 
also. Aging at an elevated temperature 
produced larger precipitate particles, as 
illustrated by Fig 6d, which is an electron 
micrograph for 75S alloy in a commercially 
heat-treated and aged temper. 

The precipitate responsible for the 
age-hardening of aluminum-magnesium 
silicide-type alloys such as 61S has been 
found to be very fine. Micrographs for 
heat-treated samples of 61S alloy aged 
at room temperature are shown by Figs 8a 
and 8b. A few small particles of precipitate 
are indicated by the white spots in Fig 8a, 
although no evidence of precipitation is 
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revealed at the grain boundary in Fig 8d. 
Micrographs of 61S alloy aged to maximum 
strength at an elevated temperature 
according to the commercial practice are 
shown by Figs 8¢ and 8d. A general array 
of fine precipitate is indicated within the 
grains in Fig 8c, while a few particles 
of precipitate are apparent at the grain 
boundary in Fig 8d. 

A more comprehensive study of pre- 
cipitation than was made with the previ- 
ously mentioned alloys was made using 
an aluminum alloy containing 1.4 per cent 
Mg.Si. The alloy, in the form of 14¢-in. 
thick sheet, was solution-heat-treated for 
15 hr at 1100°F and quenched in cold 
water. Samples were then aged for various 
intervals at 70°F, 225°F, 320°F, 420°F or 
650°F and from these tension-test speci- 
mens and specimens for microscopic 
examination were prepared. The results 
of the tension tests are plotted in Fig 9. 
Age-hardening was observed for the 
series aged at the four lower temperatures 
whereas softening was encountered on 
aging at 650°F from the first time interval 
onward. Precipitation could not be detected 
with certainty in samples aged at room 
temperature (70 F). No definite evidence 
is apparent in Fig toa, which is an electron 
micrograph for a deep-etched sample 
that had been aged two weeks at room 
temperature. Enlargement of a portion 
of this micrograph revealed a mottled 
structure shown by Fig 10); this may be 
indicative of precipitation, but it is not 
certain. 

Although evidence of localized pre- 
cipitation along slip planes was apparent 
with the light microscope in all samples 
aged at 320° and 420°F as shown by Figs 
tra to r1c, definite general precipitation 
was observed only in electron micro- 
graphs for samples aged for intervals 
corresponding to the strength maxima 
in the aging curves. An electron micro- 


graph of a sample that had been aged at 


420°F to maximum strength is shown by 
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Fig 11d. The precipitate is represented by 
the array of small white spots, which are 
similar to those previously illustrated for 
other aluminum alloys. This feature 
was not observed in micrographs for 
samples aged for shorter intervals or at 
lower temperatures. Thus, the precipitate 
that caused age-hardening in this alloy 
apparently is much finer than that in 
some of the other types of aluminum 
alloys. This agrees with previous observa- 
tions for 61S alloy, which is also of the 
aluminum-magnesium silicide type. 

Precipitation in the Al-1.4 per cent 
Mg.Si alloy samples aged at 650°F proved 
to be more interesting than that which 
could be detected in samples aged for 
intervals at temperatures at which harden- 
ing occurred. In samples aged for 10 min 
or more, precipitate particles were attached 
to the oxide film specimens and were 
clearly visible in micrographs as flat plates 
in various orientations, as shown by 
Figs 12 to 14. The particles seemed to 
form a definite Widmanstatten pattern, 
as would be expected. This is particularly 
apparent in Figs 120, 13 and 14a, in 
which many of the precipitate plates 
were parallel to the cube faces of the 
deep-etched matrix. Evidence of the 
precipitate was also visible in a light 
micrograph of an electropolished sample 
aged for 24 hr at 650°F, as shown by Fig 
13a. Electron micrographs of an oxide 
film specimen from this sample are shown 
by Figs 136 and 13c. The electropolishing 
apparently had developed a fine cube 
structure in the matrix and had partially 
dissolved the precipitate particles to 
leave geometric cavities around the par- 
ticles somewhat like etch pits. Although 
the precipitate is well defined in the 
electron micrographs for samples aged 
at 6s0°F, the samples are overaged and 
the particles are much larger than those 
responsible for age-hardening in this 
particular alloy. 
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DISCUSSION OF RESULTS 


An evaluation of the size range of the 
precipitate responsible for age-hardening 
of aluminum alloys was obtained from the 
electron micrographs of the numerous 
alloys examined. Such data are contained 
in Table 3, which includes measurements 
for the numerous aged samples _illus- 
trated by the micrographs. In all speci- 
“mens except three, overaging had not 
started, and the measured precipitate 
particles were thus presumed to have 
caused age-hardening. Precipitate par- 
ticles of sizes up to 0.034 were observed 
in alloys that had been aged at room 
temperature. In the commercial alloy 
samples aged at elevated temperature, 
the particles were of sizes up to about 
0.3M. 

The most interesting observation result- 
ing from these studies of precipitation 
with the electron microscope is that the 
sizes of the precipitate particles at maxi- 
mum strength or hardness varied with 
solute metal. For example, the precipitate 
particles were o.o1p or less in the alumi- 
num-magnesium silicide alloy fully aged 
at 420°F whereas they were as large as 
o.54@ in the aluminum-silver alloy fully 
aged at 320°F. Of the commercial alloys, 
the precipitate particles in the aluminum- 
magnesium silicide alloys (53S and 61S) 
aged at 350°F were smaller than those 
in aluminum-copper (18S, 24S and 25S) 
and aluminum-zinc-magnesium (75S) al- 
loys aged at elevated temperatures but 
were comparable with those in samples 
of the latter two types aged at room 
temperature. This suggests that the so- 
called “critical dispersion”? is not neces- 
sarily a constant particle size regardless 
of alloy type, as might be presumed from 
the simple slip plane keying hypothesis, 
but that the mechanism involves an 
additional condition whereby the particle 
size at maximum strength changes with 
solute metal. According to recent concepts 
of precipitation and age-hardening,® such 
a condition might well be the extent of 


permissible coherent growth of the pre- 
cipitate as determined by the crystallo- 
graphic disregistry between the matrix 
and precipitate and the tolerable coherency 
stresses. 

In regard to the particle shape of the 
observed precipitate, the expected plate- 
like nature of the particles was apparent 
only when the size exceeded about 0.05u 
in at least one of the two visible dimen- 
sions. The smallest particles, which were 
in the range of 0.01 to 0.034, appeared 
to be rounded. This obtained regardless 
of whether the precipitate was repre- 
sented by opaque particles attached to 
the oxide film specimen or more generally 
by cavities in the oxide film from which 


TABLE 3—Size of Precipitate Particles 
in Age-hardened Alloys as Determined 
from Electron Micrographs 


Aging 4. 
Approximate Size of Precipitate 
Alloy Tams Particles, Microns 
Al-Si 420 0.01 to 0.02 (Fig 5 
650% | 0.05 by 0.3 plates et 1, Fig 7) 
Al-Mg 310 | 0.03 to O.1 
Al-Zn 2124 | 0.05 to o.1 (ref 1, Fig 10d) 


0.03 by 0.5 plates (Fig 7a) 

o.or and less (Fig 11d) 

650% | 0.05 by 0.7 to 1.3 plates (Figs 12 
to 14) 


539-T 350 | 0.03 to 0.08 (ref 1, Figs ue and 10d 
61S-W 70 Few 0.02 and less (Fig 8a 

618-T 350 | 0.02 and less (Fig 8c) 

14S-W 70 None observed 


0.03 to 0.04 

0.01 to 0.03 (Fig 6a) 

0.01 to 0.03 and 0.1 to 0.2 (Fig 6b) 

0.03 by 0.1 to 0.2 plates (Fig 7b 
and c) 

0.01 to 0.03 and 0.1 to 0.2 


24S8-Ts1 365 


24S-T 86 365 


18S-T 340 pee by 0.04 to 0.08 plates (Fig 
7 

25S-T 340 ws to 0.03 and 0.05 to 0.3 (Fig 
3a 

75S-W 70 | 0.02 to 0.03 (Fig 6c) 

75S-T 250 


0.01 to 0.03 and 0.05 to 0.2 (Fig 
6d) 


* Overaged. All others either aged to maximum 
strength (7) or in the quenched and room-tempera- 
ture-aged (W) temper. 
the precipitaté had been dissolved. Thus, 
in view of X-ray diffraction data®® that 
reveal that the precipitate is platelike 
when the size is still less than o.or, the 
very small precipitate particles (0.03u 
and less) are not being adequately re- 
solved. This may be attributable either 
to the shape discrimination factor,? which 
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is determined by the resolving power of 
the microscope, or possibly to preferential 
attack at corners of either the precipitate 
particles or of the matrix at the precipitate 
particles during etching and film-forming 
treatments. The latter might tend to 
enlarge and round off the cavities left 
by the precipitate particles and thus 
give them a rounded rather than a rec- 
tangular cross section in the electron 
micrographs. Regardless of this apparent 
anomaly, the precipitate particles revealed 
by the electron microscope in oxide films 
from aged aluminum alloys are con- 
siderably smaller than those that have 
been revealed by other methods. 


SUMMARY 


1. The microstructures of numerous 
aged aluminum alloys were studied with 
the electron microscope by examining 
very thin oxide film specimens formed on 
the prepared metallographic samples by 
anodic oxidation and stripped by the 
mercury method. 

2. The various manners in which the 
precipitate particles were portrayed by the 
oxide film specimens are illustrated and 
discussed. 

3. In alloys aged at room temperature, 
precipitate particles 0.03 and less in 
size were detected. In commercial alloys 
age-hardened to maximum strength at 
elevated temperatures, the particles were 
of sizes up to about 0.3. 

4: The precipitate that was considered 
in part responsible for age-hardening 
was very fine in aluminum-magnesium 
silicide alloys (less than 0.03u), of inter- 
mediate size in aluminum-copper and 
aluminum-zinc-magnesium alloys (up to 


0.3m) and coarser in an aluminum-silver 


alloy (up to 0.54). 
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DISCUSSION 


(W. L. Fink, presiding) 


J. H. Hottomon}t—I should like to ask one 
question. Where did the slip bands come from 
in the picture showing precipitation? 


A. H. GEISLER (author’s reply)—Thermal 
stresses produce plastic deformation during 
the rapid quenching of alloys from the solution 
heat-treating temperature. Slip bands are 
apparent on the surface of specimens that were 
polished prior to heat-treatment. Apparently 
these act as sites for localized precipitation in 
the early stages of aging, since a striated pat- 
tern identical with the pattern of slip bands 
and similar to that shown in Fig 11 is apparent 
on specimens polished and etched after aging. 
This effect is not observed when slower rates 
of cooling are used. 


J. R. Lewist—I should like to ask whether 
there is any evidence not shown on the pictures 
of a greater degree of precipitation-hardening 
near the grain boundaries? 


A. H. Getster—The electron-microscope 
technique would not be expected to show local 
differences in degree of precipitation hardening 
but only in degree of precipitation. This could 
be determined by a microhardness test, how- 
ever, and the results could probably be pre- 
dicted from metallographic studies of the 
precipitation process. The rate of precipitation 
at grain boundaries is greater than that within 
the general grain areas since precipitate par- 
ticles appear earlier at the grain boundaries 


* Contains a comprehensive list of technical 
publications on the subject of age-hardening 
by other investigators 

+ General Electric Co., Schenectady, New 
York. 

t Head, Dept. of Metallurgy, University of 
Utah, Salt Lake City, Utah. 
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and grow larger, as shown by some of the micro- 
graphs in the paper. If the reaction is the same 
but only at a faster rate, the grain-boundary 
areas would harden sooner and likewise over- 
age and soften sooner than the grain areas. In 
the early stages of aging the grain-boundary 
areas may be harder and later softer than the 
general grain areas. Whether or not the grain- 
boundary areas achieve a greater maximum 
hardness than the general area might be of 
importance in the theory of age-hardening and 
plastic flow. 


A. S. CoFFINBERRY*—The striated pattern 
apparent on examining aged samples with the 
light microscope has been interpreted as evi- 
dence for localized precipitation at slip bands. 
Does the electron microscope show the presence 
of particles here and not elsewhere? 


A. H. Gr1stEr—Most of the electron micro- 
graphs show a rather uniform distribution of 
precipitate throughout the general grain areas. 
With the possible exception of Fig 5b, which 
presumably shows straight bands of more 
dense precipitate in two directions, no evi- 
dence of preferential precipitation on slip 
planes was observed with the electron micro- 
scope. This is not to be interpreted as meaning 
that such precipitation does not occur, for the 
sites of localized precipitation in the early 
stages (shown by Figs r1a and 116) are too far 
apart to find with the electron microscope at 
high magnification without very extensive 
scanning of the specimen. The mottling in 
these micrographs is due to the etch pits and 
not to precipitate. 

It must be concluded that the ordinary light 
microscope will more easily reveal evidence of 
localized precipitation than will the electron 
microscope, since a relatively large area is 
viewed. When general precipitation occurs as 
in 24S-T and 75S-W alloys (Fig 6) the precipi- 
tate is clearly revealed with the electron micro- 
scope when the particles are much too small to 
resolve with the light microscope. 


W.L. Frytay{—Would you care to comment 
on how good a correlation you obtained on the 
indication of the particle size of the precipitated 


* Professor, Physical Metallurgy, Univer- 
sity of Kentucky, Lexington, Kentucky. 

Supervisor, Chemical and Metallurgical 
Research, Remington Arms Company, Inc., 
Bridgeport, Connecticut. 
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phase between your work with this electron 
microscope procedure and the Laue X-ray. 
technique employed by Dr. Barrett, Dr. Mehl 
and yourself several years ago? 


A. H. GrIsteEr—The comparison can be 
made for at least two of the alloys. The par- 
ticles in the aluminum-silver alloy sample 
(aged 10 days at 320°F) shown by Fig 7a were 
measured on the electron micrographs as plates 
about 300A thick by soooA wide. The X-ray 
pattern for the precipitate, y’, was not ob- 
served until after samples had been aged 7 
days, at which time the particles must be 
greater than rooA in all dimensions to afford 
sharp diffraction lines. According to the X-ray 
diffraction data, the sample aged 10 days 
would probably have precipitate particles of a 
thickness between 100 and 10o0A and lateral 
dimensions greater than roooA in agreement 
with the electron micrographs. A second com- 
parison can be made in regard to the aluminum- 
magnesium silicide alloy. The precipitate 
particles were about 1ooA or less in the electron 
micrographs of samples aged to maximum 
hardness at 420°F. In X-ray diffraction work 
that is in progress on this alloy, long, diffuse 
streaks are observed in Laue pattern, which 
indicate that the precipitate particles are less 
than 10A thick by rooA wide. The streaks 
become sharp and Laue spots for the precipi- 
tate appear only after overaging. Thus, the 
correlation seems to be very good. 


W. L. Fintay—From that point of view it 
appears a little odd that in the majority of your 
electron micrographs the precipitated particles 
are almost invariably in the form of small 
circles, whereas, as you have just stated, the 
Laue X-ray technique indicates that in many 
of the aluminum-base systems, at least, the 
precipitated particle is initially a platelet. 


A. H. GrisLEr—The shape of the very small 
precipitate particles as revealed by the electron 


microscope technique was somewhat discordant ° 


with X-ray diffraction results as pointed out in 
the last paragraph of the paper. Only plates 
wider than 500A could be recognized as such 
in cross section. The methods may be at fault. 
Perhaps one should hardly expect to preserve 
the natural shape of particles tooA wide by 
only 10A thick (2 to 3 unit cells) through the 
metallographic polishing, etching, film forma- 
tion and removal treatments. _ 
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Stress Rupture and Creep Tests on Aluminum-alloy Sheet 
at Elevated Temperatures 


By A. E. FLanican,* Mremper AIME L, F. Trepsen{t anp J. E. Dornt Memper AIME 
(Atlantic City Meeting, November 1946) 


SINCE aluminum-alloy sheet may be used 
occasionally at moderately elevated tem- 
peratures, the effects of temperature on 
the mechanical properties are of interest. 
Recently the short-time tensile properties 
of several high-strength materials have 
been studied at temperatures up to 375°F.1 
This paper deals with stress-rupture and 


The following materials were studied, 
all in the form of 0.040-in. sheet: 


Alclad 24S-T 
Alclad 24S-T81 
Alclad 24S-T86 
Alclad 75S-T 
R3o01-T (clad) 


7-1/2'' REDUCED SECTION 


Fic 1—STRESS-RUPTURE AND CREEP SPECIMEN. 


Sheet thickness, 0.040 in. (nominal). 
Direction of stress, cross grain. 


Taper: gradual taper from ends of reduced section to middle. 
Finish: edges inside of gauge length to be finished with grade 320 emery, removing all 


milling marks. 


creep properties at the same temperatures. 
The work was done at-the University of 
California as a portion of the project NRC- 
548. It was financed by the War Production 
Board and was supervised by the Office of 
Production Research and Development. 
This paper has been released for publica- 
tion by the latter agency. 


Manuscript received at the office of the 
Institute Jan. 21, 1946. Issued as TP 2033 in 
METALS TECHNOLOGY, Sept. 1946. 

* Research Engineer, University of Cali- 
fornia, Berkeley, California. 

+ Engineer, University of California, Berke- 
ley, California. : . 

t Associate Professor, University of Califor- 
nia, Berkeley, California. 

1 References are at the end of the paper. 
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Specimens were loaded in tension in the 
cross-grain direction. Testing temperatures 
included 94°F., 211°F., 300°F., and 375°F. 
Stress levels were selected to cause rupture 
in times ranging from several minutes to 
1ooo hr. In each test the following data 
were obtained: (1) fracture time, (2) 
elongation at fracture, (3) the complete 
strain-versus-time curve (creep curve), 
(4) creep rate (defined in a later section). 


MATERIALS 


Materials for specimens were obtained 
from the manufacturers’ commercial 
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stocks. The original room-temperature 


properties determined in tests on standard 
A.S.T.M. specimens with the grain sizes 
of each material are listed in Table 1. 


Fic. 2—TESTING UNIT USED IN STRESS- 
RUPTURE AND CREEP TESTS. 

The nominal chemical compositions of 

the materials and the standard heat- 

treatments used in their production are 

shown in Tables 2 and 3. Dimensions of 

the test specimen are shown in Fig. 1. 


HEATING OF SPECIMENS 


Apparatus was constructed to allow the 
simultaneous testing of 24 specimens in 
four large furnaces (Figs. 2 and 3). The shell 
of each furnace contained a large quantity 
of a heated liquid through which passed 
six vertical tubes. The latter were 24 in. 
long and were arranged in line on 7-in. 
centers. Specimens were heated in the 
tubes in an air atmosphere, end seals being 
used to minimize convection of air through 
the tubes. The furnaces used at 300° and 
375°F. contained boiling glycol-water solu- 


STRESS RUPTURE AND CREEP TESTS ON ALUMINUM-ALLOY SHEET 


tions, the vapors of which were condensed 
and returned to maintain fixed composition 
and hence constant temperature.* The 
desired temperatures were obtained by 


TaBLeE 1—Original Properties of the 
Materials Tested 


All materials in form of 0.040-inch clad sheet 


TENSILE PROPERTIES AT 75°F. 


Tensile | Ultimate 
Yield Tensile | Elonga- 
Sicci Stress, Stress, | tion, Per 
pecmncn 1000 I.b. | 1000 Lb.} Cent in 
per Sq.| per Sq. 2 in; 
In. In. 
24S-T Alclad....... 47.4 63.0 16.5 
24-S-T81 Alclad.... 62.2 66.1 Sy 7 
24S-T86 Alclad.... 64.0 67.3 bed 
759-T Alclad: ..../. 67.7 75.5 10.5 
R3o01-T (clad)..... 59.9 66.0 9.5 
Gratin Counts? 
Rolling Thickness 
Specimen Direction, Direction, 
Grains per Mm. | Grains per Mm, 
24S-T Alclad.... 19 60 
24S-T81 Alclad.. 22 65 
24S-T86 Alclad.. 17 44 
759-T Alclad. ... 16 54 
R301-T (clad)... 48 89 


« Each value represents an average based on four 
or more tests. 
_ > Number of grains per millimeter cut by straight 
line. All counts made in plane parallel to rolling 
direction and perpendicular to quttate of sheet. 


TABLE 2.—Nominal Compositions of the 
Materials Tested 


DES .creantas 4.5 per cent copper, 0.6 per cent 
manganese, 1.5 per cent mag- 
nesium 

RZOtarni ek 4.5 per. cent copper, I.o per cent 


silicon, 0.8 per cent manganese, 
0.4 per cent magnesium 

(Ae 1.6 per cent copper, 5.6 per cent 
zinc, 0.2 per cent manganese, 
2.5 per cent magnesium, 0.3 per 
cent chromium 


adjusting the water content (and thus the 
boiling temperature) of the solutions that 
were maintained at atmospheric pressure. 


This type of furnace, described more 


fully in Fig. 3, was found very satisfactory. 


“This method of maintaining constant 
temperature was suggested by C. E. Nelson and 
R. S. Busk, of the Dow Chemical Company. 
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It was used with boiling water to obtain 
the 211°F. temperature and with water 
and thermostatic control 
specimens at 94°F. 


to maintain 


i 


Fic 4—SPECIMEN, GRIPS, AND EXTENSOMETER. 
Note method of thermocouple attachment. 


At 375°F. the spatial variation in tem- 
perature from tube to tube was less than 
+1°F., as was the variation along the 6-in. 
gauge length of a specimen in a given tube. 
No cyclic variations were noted in the 
furnaces used with boiling liquids and the 
variation at 94°F. (thermostatic control) 
was much less than +1°F. Temporal 
fluctuations over long periods were less 
than +134°F. at all temperatures. 


STRESS RUPTURE AND CREEP TESTS ON ALUMINUM-ALLOY SHEET 


LOADING OF SPECIMENS 


Tensile loading was obtained through 
10:1 levers, to which were attached metal 
containers holding lead shot. Knife edges 


were used at the fulcrums and at the points 
of loading. Loads on the specimens were 
known and controlled to within +1 Ib. 
(corresponding to a tensile stress of +50 
lb. per sq. in.). Specimens were connected 
to the loading systems through pull bars 
of 18-8 stainless steel. As indicated in 
Fig. 4, pin and clevis joints were used to 
attach specimens to the pull bars. Moderate 
friction was introduced by tightening the 
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100} TEMPERATURE “ie F 


THIRD STAGE 
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MATERIAL Sate a 
NO} TEST NO. 


(Rate increasing) —+-1 


Pei 


z= | 
= STRESS 55,000 PSI. 1 
z | Fracture 
0 SECOND STAGE 
° F CREEP eas 
= (Approx. constant rate) aie 
f [ 
i | 
o Slope = 0.00293 
Z FT io in./in. per hr. 
E oO 
(eo) 
; | (eres 
o 0 : 


ws Creep Rate (min. slope of creep curve 
= 0.00293 in./in. per hr. 4 


12 14 I6 18 20 


se ane IN HRS. 
Fic 5—TYPICAL TENSILE CREEP CURVE, SHOWING DETERMINATION OF “CREEP RATE”? AND CREEP 
INTERCEPT. 
According to this method, a conservative representation of total creep up to the end of stage 


2 may be obtained from: e = eo) + vt. 


TABLE 3.—Standard Heat-treatments for the 
Materials tested 

Fy pe (DEF eae 24S alloy solution-heat-treated 
at g10° to 930°F. followed by 
quenching in cold water and 
aging at room temperature. 

..24S-T stretched 1 per cent and 
aged ro hr. at 375°F. or 12 hr. 
at 365°F. 

..24S-T strain-hardened by rolling 
to a reduction of about 514 per 


cent and aged 54 hr. at 375°F.. 


or 814 hr. at 365°F. 

.R3o01 alloy solution-heat-treated 
at 930° to gso°F. followed by 
quenching in cold water and 
aging 6 hr. at 350°F., or 18 hr. 
at 320 -F. 

Cito A he ain 75S alloy solution-heat-treated 
at 860° to 930°F. followed by 
quenching in cold water and 
aging 24 hr. at 250°F. 

After heat-treatment sheet materials are 
generally straightened by stretching or roll- 
flattening: The process involves a cold de- 
formation of about 1 per cent. The sheets used 
in the present investigation were all obtained 
in this condition. 


Rgo1-T... 


screws serving as bearing pins. In testing, 
the joints were located approximately 7 in. 
inside the furnace. The use of sheet-mica 
shims in the joints and the comparatively 
poor thermal conductivity of the pull-bar 
material minimized heat transfer by con- 
duction and aided in securing uniformity of 
temperature in the specimens. 


MEASUREMENT OF STRAIN 


Extensometers designed and constructed 
for use in the tests are shown in Fig. 4. 
Attachment to a specimen at each end of 
the gauge length was accomplished by 
means of hard conical points pressed into 
the specimen by steel springs. A con- 
centric rod and tube extended vertically 
from these points and actuated a rack and 
pinion. In testing, the latter was located 
outside of the furnace, where readings were 
made by means of a dial and pointer (Fig. 
4). The dial was graduated in divisions 
equivalent to a change in length of 0.005 
in. Readings were made to one tenth of a 
division, corresponding to a strain of 
0.00008 in. per in. jn the 6-in. gauge length. 
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TESTING PROCEDURE temperature. The load was then applied 
gradually over a_period of several minutes. 


After insertion in the furnace, specimens _yrjng the course of a test, strain readings 
were allowed to remain for one hour before were made at frequent intervals to define 
application of load, this period being suf- complete strain-versus-time curves (creep 
ficient to permit attainment of the testing curves) extending from the unloaded condi- 
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TENSILE STRESS - 1000 ps| 


TEMPERATURE - °F 
Fig. 6. 24S-T Alclad sheet. 


FIGS 6-19 —EFFECTS OF TEMPERATURE AND TENSILE STRESS ON FRACTURE TIME AND CREEP RATE, 


Direction of stress, cross grain. 

Gauge length, 6 inches. 

Sheet thickness, 0.040 inch. 

Time in furnace before application of load, 1 hr. (include 45 min. to reach temperature). 
* Time measured from attainment of full load. 
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tion to fracture. When the event of fracture 
was not observed directly, the clapsed 
time was registered by a time meter, 
which stopped when the loading lever 
dropped on a microswitch. 
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in evaluating the creep rate. Here the 
latter has been taken as the minimum 
slope of the creep cruve.? According to this 
definition the “‘creep intercept” indicated 
in Fig. 5 is also significant. 
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Fig 6 Continued. 


DETERMINATION OF CREEP RATE AND 
CREEP INTERCEPT 

Fig. 5 presents a typical strain-versus- 

_ time, curve and illustrates the method used 


EXPERIMENTAL RESULTS 


Experimental results are shown by means 
of curves in Figs. 6 to 15. Figs. 6 to Io 
indicate the effects of temperature and 
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Fig 7 24S-T8r Alclad sheet (see caption of Fig. 6). 


stress on fracture time* and creep rate. 
In certain of the tests fracture occurred 
outside of the gauge length, or at the points 
of extensometer attachment. The results 
of such tests have been included in Fig. 
6 to 10, since this-type of fracture was 
 * Fracture times are measured from the 


instant of full load application and do not in- 
clude the short loading period. 


found to have no effect on creep rate, and 
little, if any, effect on fracture time. Al- 


. though values of the creep intercept were 


obtained for all testing conditions, they 
have been omitted from this paper. 

Figs. 11 to 15 show typical creep curves 
selected to cover a wide range of conditions 
for each material. The use of logarithmic 
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scales is without fundamental significance. 
The method is convenient, however, for 
showing in a single plot a series of curves in 
which fracture times vary over an ex- 
tremely great range. In determining values 
of creep rate and creep intercept, it was, of 
course, necessary to plot the data for 
- individual tests in the manner indicated 


in Fig. 5. 


s 


PRECIPITATION EFFECTS 


Before considering the experimental 
results, certain pertinent characteristics 
of the materials will be reviewed briefly.* 

The high-strength aluminum alloys 
achieve their high values of yield stress as a 


*Recent developments in high-strength 
aluminum alloys are discussed in references 


3 and 4. 
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result of precipitation-hardening either at 
' room temperature (‘natural aging’’) or at 
suitable elevated temperatures (“artificial 
azing”). Rather high values of yield stress 
result from the room-temperature process. 
Through artificial aging it is possible to 
attain even higher values, the gains being 
accompanied by much smaller increases in 
ultimate tensile stress and by decreases in 


elongation. During the first stages of 
artificial aging the yield stress increases 
until it reaches a maximum value. In this 
condition the material is said to be “fully 
aged.” Further exposure results in ‘“‘over- 
aging” 
yield stress and ultimate tensile stress and 
by an increase in elongation. In production 
of the artificially aged materials, the 


attended by steady decreases in . 
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temperatures and times are selected to 
achieve full aging. The higher the tem- 
perature, the more rapidly is this condition 
attained. In 24S the aging process is ap- 
preciab!y influenced by previous cold-work. 
The greater the degree of deformation the 
greater is the yield stress attainable. 

Since the materials considered in this 
paper are subject to precipitation-harden- 
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ing, they exhibit “aging” and “‘overaging”’ 
effects at elevated temperatures. The data, 
therefore, reveal the behavior of constantly 
changing materials, and the effects of 
temperature, time and stress are more 
complex than with stabilized materials. 

The semilogarithmic scales employed in 
Figs. 6 to 10 were chosen only as a matter 
of convenience. In connection with stabi- 
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lized materials, there is reason to believe 
that for a given temperature log-log plots 
of stress versus fracture time and stress 
versus creep rate exhibit approximate 
straight-line relationships.® That this trend 
is generally not noted in the present work 
is in part at least a consequence of pre- 
cipitation effects. 
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SIMILARITY OF STRESS-RUPTURE RESULTS 
FOR 245-T, 24S-T81 AND 24S-T86: 


Figs. 6 to 8 reveal that stress-rupture 
behaviors are approximately the same for 
24S-T, 24S-T81 and 24S-T86. This is 
apparent also from Table 4. Although 
the materials differ considerably in many 
respects, they are known to exhibit rather — 
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similar behaviors of ultimate stress at 
elevated temperatures (Fig. 16). In this 


case there appears to be a correlation 


between ultimate stress and the rupture 
characteristics. Fig. 16 has been reproduced 
from ref. 1, to indicate the behavior of the 


short-time tensile properties at elevated 


temperatures. 


SHORT-TIME TENSILE TESTS AT ELEVATED 
TEMPERATURES 


In a following section the stress-rupture 
data are compared with short-time tensile 
results obtained at elevated temperatures. 
Before proceeding it may be of interest, 
therefore, to discuss several aspects of the 
short-time tensile test. 
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Let us first consider the significance of 
the tensile yield stress determined from a 
stress-strain curve by the o.2 per cent offset 
method. This property is sometimes said 
to denote the maximum stress a material 
may sustain without incurring a permanent 
set greater than o.2 per cent. Such a state- 
ment is incomplete, of course, since no 
reference is made to the time for which the 
stress may be sustained. The ordinary 
' tensile test does not furnish this informa- 


tion because it is performed in a relatively 
short time and involves the application of a 
steadily changing load. In general, the 
yield stress may be expected to have 
fundamental significance only under the 
conditions of the test (i.e., for the same 
stress-versus-time relationship). 

It is important to consider what may 
happen when a tensile test is interrupted 
in the region of the yield stress and sub- 


sequently the specimen is maintained 
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- under constant load. Under certain con- 
__ ditions it may be found capable of sus- 
taining the load for considerable periods of 
time without undergoing further measur- 
able deformation. Under such conditions 
the yield stress undoubtedly is an im- 
portant design property. On the other 
hand, conditions may be such that further 
deformation results under constant load. 
_ The rate of deformation may be so small 
as to be of little consequence, or it may be 


= eh 


: TEMPERATURE - °F 
a Fig 10 Continued. 


so great as to restrict the usefulness of 
“‘vield-stress” data. 

The magnitude of the creep effect in 
the neighborhood of the short-time yield 
stress depends principally on the testing 
temperature and on the nature of the 
material under consideration. In a given 
material, the higher the testing temper- 
ature, the greater is the creep rate at a 
given stress. At a given temperature, the 
higher the melting point of the material, 
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then, in general, the lower is the creep 
rate. In aluminum alloys the. melting 
temperature is relatively low and creep 
becomes prominent at correspondingly low 
temperatures. 

When creep is evident at stresses in the 
region of the “‘yield stress,” the shape of 
the stress-strain curve (and therefore the 
yield stress itself) depends upon the strain 
rate employed. With sufficiently low rates 
- of extension considerable deformation and 
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even fracture may occur at stresses below _ 
the value of the yield stress obtained by 
testing at the usual rate. In general, the 


greater the strain rate, the greater are the ~ 


values of “yield stress” and “ultimate — 
stress.” The higher the temperature (for a . 
given material), the greater is the effect — 
of testing speed, and consequently the 
more restricted becomes the usefulness of 


the data. From similar considerations, it — 


may be seen that values of the tangent a 
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damental significance. 
Fig. 17, derived from Fig. 6 to 9 and Fig. 


16,* compares certain of the short-t 
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COMPARISON OF STRESS-RUPTURE AND 
the tensile data from 


_ tests at elevated temperatures may lack 
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modulus obtained in short-time tensile 
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_ No comparison is shown for R3or1-T, since 
tensile data are not available. 

It may be seen in Fig. 17 that at 75°F. 
the rupture stress equals or exceeds the 
yield stress and is only slightly lower than 
the ultimate stress. With increasing tem- 
peratures, however, the rupture stress de- 
creases more rapidly than either yield or 


ultimate stress. At temperatures above: 


150°F, the yield stress exceeds the rupture 
stress for all materials except 24S-T. 


Consider, for example, the case of 75S-T 
at 21r°F, Fig. 17 reveals values of 70,000 
and 65,000 lb. per sq. in. for ultimate 
stress and yield stress, respectively, whereas 
the rupture stress is only 51,000 lb. per 
sq. in. The implications are clear, of course. 
Under steady loading complete rupture 
may be expected to occur in rooo hr. at a 
stress of 22 per cent below the “yield 
stress” and 27 per cent below the “ulti- 
mate.” At 375°F. fracture in 1000 hr, 
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_ may be expected at a stress 35 per cent on the basis of rupture stress. It appears 
below the yield stress and 40 per cent that they may be ranked in the following 
 pelow the ultimate. Under such conditions order for fracture times up to rooo hr. 


the rupture stress is undoubtedly a more Room Temperature to 211°F.: 
important design criterion for many 1. 75S-T. 

applications. 2, 248-T86, 248-T81, R3o1-T and 
E CoMPARISON OF MATERIALS ON THE BASIS 248;T. 

5 oF RUPTURE STRESS AT ELEVATED 212° t0 375 F.: 

3 TEMPERATURES 1. 24S-T86, 24S-T81, 24S-T. 

i. . i i . R301-T. 

as able 4 has been derived from Fig. 6 2 
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~ to 10, to allow comparison of the materials 
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It should be emphasized that the rating 
is made on the basis of rupture stress alone 
and that in many cases it may be desired 
to use other criteria. At the lower tem- 


For fracture times greater than 1000 hr., 
it seem probable that the ratings will 


remain unchanged. For 


temperatures 


., the ratings for the | 


212° to 375°F. range may be expected to q 


apply. 


oe 


greater than 375 


peratures, for instance, 24S-T may be 
accorded a lower rank because of its inferior 
yield stress and high creep intercept. At 
elevated temperatures the same material 
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the first stages of elevated-tem 
condition it approximates that resulti 


increase in susceptibilit 
With continued aging, 


may prove less desirable on the basis of 
* For 24S, it has been found that thereisan ‘ 


corrosion resistance.* 


SON PCat ee ye ay te ae 
‘ t 7 6 “NN at 
OE oe 


A. E. FLANIGAN, L. F. TEDSEN AND J. E. DORN - 


233 


Sen 

HL I g 

ieee! 

ie | | 

ES 

TTT g TNs 

HILL Ts N \ at felt pa 

ctie BP WAHL Et 

Ina a ia me 

HE SASS : 

Fe ies \ \s|¢ 

NN 

SN. ie =) 

pte 

TT \ . 
ine 


4 


ba 
2 


Hours 


° 


Bi 


0.004 
Q002 


CREEP CURVES, CREEP RATE AND CREEP 
INTERCEPT 

For immediate application, as in air- 
craft. design, it is’: probable that stress- 
rupture results are more useful than data 
on creep rates. Nevertheless, the effects 
of temperature and stress on the latter 
have been shown in considerable detail in 
Figs. 6 to 10, where the rates range from as 


little as o.cococ1 to more than o.1 in. per 
inch per hour. The general effects of the 


Fig 13 24S-T86 Alclad sheet (see caption of Fig. 11). 
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variables are apparent also in Figs. 11 to 
15, although from the viewpoint of Fig. 5 
the logarithmic scales alter the appearance 
of the curves. The extent of alteration 
may be seen by comparing Fig. 5 with the 
corresponding curve in Fig. 15. 

When plotted to either logarithmic or 
linear scales, there is a general tendency for 
the steepness of the curves to increase in 
the region preceding fracture (correspond- 
ing to the third stage of creep in Fig. 5). 
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For a given fracture time, the tendency is 
less evident at the lower temperatures. 
At 94°F., for instance, the third stage is 
generally lacking in 24S-T, 24S-T81 and 
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24S-T86 when the curves are plotted to 
linear scales. In 24S-T it is also absent at 
212°F. and in the shorter tests at 300°F. 
Fig. 18 illustrates the effect of tem- 
perature on the shapes of creep curves 
plotted to linear scales. The data are those 
for 75S-T stressed to cause fracture in 
approximately 210 hr. The figure illus- 
trates the following tendencies which, at 
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any given temperature, are typical of each 
material: (1) The steepness of the curves 
in the third stage of creep increases with 
increasing temperature; (2) the creep 


Fig 14¢ (Caption on opposite page). . 
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intercept increases with decreasing tem- 

perature. (These tendencies may be noted 

also in Figs. 11 to 15.) 
In connection with the creep data, it is 


clear that the intercept should be con-— 


sidered as well as the creep rate. If, for 
instance, the value of the intercept is 
large, it may be of little benefit to learn 
that the creep rate itself is low. 
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ELONGATION AT FRACTURE 


With stabilized materials, it has been 
noted that short-time elevated-tempera- 
ture tensile tests generally exhibit greater 
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Stress rupture tests of long duration on 
24S-T, 24S-T81, and 24S-T86 at the higher 


temperatures generally exhibit elongations 
less than half as great as those found in the 
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Fig 14 75S-T Alclad sheet (see caption of Fig. rr). 


elongation at fracture than stress-rupture 
tests of moderate duration, while long- 
__ term creep tests are characterised by sur- 
 prisingly low total elongation.’ That this 
tendency is found in the present case is 
indicated by Table 5, in which stress- 
rupture elongations are compared with 
the results of tensile tests performed after 
equivalent elevated-temperature exposures. 
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corresponding tensile tests. The difference 
is smaller with 75S-T, while no tensile data 
are available for R3o01-T. 


APPEARANCE OF FRACTURES 


The following fracture characteristics 


were noted: 
1. Fracture tended to occur along paths 
approximating macroscopically straight 
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lines. In general the paths were eithér per- 
pendicular to the specimen axis (type A) 
or were nclined at an angle of approxi- 
mately 60° (type B). In a few specimens 
fractures of a hybrid type were observed. 

2. The nature of the fracture was 
related to testing temperature in the fol- 
lowing manner: 


Specimen 94°F. | 211°F. | 300°F. | 375°F. 
PAG = Adsballn sc hretate B,A A A 
BAG TSE. states B B,A A A 
Dave LO ssc orsiciviare B B,A A A 
made eros careers A A A B 
1 Eup as Regen Ae ape Pe B,A A A A 


It is of interest to note that in 75S-T the 
tendency is the reverse of that exhibited 
by the other materials. 

3. When at a given temperature the 
fractures were of mixed types, the appear- 
ance was dependent on the testing stress 
(and consequently on the deformation rate 
and fracture time). In such cases an in- 


STRESS RUPTURE AND CREEP TESTS ON ALUMINUM-ALLOY SHEET 


TaBLE 4—Effect of Temperature on Rup- 
ture Stress 
From Figures 6 to to 
Direction of Stress: Cross grain; sheet thick- 
ness, 0.040 inch 


Rupture Stress, 
1000 i per Sq. 
n. 


For Fracture Speci 
ae pecimen 


24S-T Alclad 61.0'53.0/36.0|22. 
24S-T81 Alclad 63.5|51.0 35-5|20. 
24S-T86 Alclad |63.0 53.5 38.0/22. 
75S-T Alclad 7I.0|51.0/21.0 10. 
R3o1-T (clad) |62.0/47.0 27.5|14. 
100 hours....| 24S-T Alclad 61.5/56.5/45.5.29. 
245-T81 Alclad |64.0/54.0/42.5)29. 

24S-T86 Alclad |64.5/55.0144.5/30. 

75S-T Alclad 74.0|57.5|34.0/16. 

: R301-T (clad) |64.5/53.0!37.5|23. 

to hours..... 24S-T Alclad 61.5'57.5|51.0/38. 
245-T81 Alclad |65.0 56.5/47.0|37.- 

24S-T86 Alclad |65.5|56.5/48.5/38. 

73S-T Alclad 75.5,602.0/45.0|24. 

R30t-T (clad) |65.5/55.5/45.0]31. 

© Hourccsnes 24S8-T Alclad 62.0)58.0/53.5/47 
24S-T81 Alclad |65.5/59.0|50.5/42. 
245-T86 Alclad |66.0|/58.0/51. 5/43 
755-T Alclad 76.0/65.0.51.5/35. 

| 


tooo hours ao 


CAUNCOCONNONTOONDOUUND 


R301-T (clad) 66. 


TABLE 5—Comparison of Elongations at Fracture in Stress-rupture and Short-time 
Tensile Tests 


24S-T Alclad 


24S-T81 Alclad 


24S-T86 Alclad 75S-T Alclad 


Elongation, Elongation, Elongation, Elongation, 
Tempera- Per Cent in Per Cent in Per Cent in Per Cent in 
ture F, f 2In. : 2In, A 2 In. F 2In. 
Time, Time, Time, Time, 
Hr. |—————————,_ Hr. Hr. |————————__|_ Hr. 
Stress- | Ten- Stress- | Ten- Stress- | Ten- Stress- | Ten- 
rupture | sile rupture | sile rupture | sile rupture | sile 
no data 5 6.5 5.0 4 5.0 4.0 26 13.5 10.5 
94 12 6.0 5.0 126 5.5 4.0 197 15.0 10.5 
34 6.0 §.0 $45 5-5 4.0 347 15.0 10.5 
5 19.0 15.5 10 5 7.0 5 7.0 6.0 9 16.5 14.0 
54 17.5 16.0 57 7.0 7.0 18 + Ra 6.0 90 15.5 12.0 
211 258 16.0 16.5 456 7.0 7.0 I0L 6.0 6.0 276 TLT5 12.0 
570 10.0 16.5 790 9.5 7.5 583 4.0 6.0 992 13.0 4175 
668 10.0 16.5 
7 rs. 5 18.0 6 8.0 "tS 5 6.0 7.0 2 15.5 14.0 
4t 7.0 14.0 24 7.0 rhe 25 aS 7.0 30 II.5 II.0 
300 124 5.5 11.0 128 6.0 7S 140 5.0 TG 189 12.0 I1l.0 
253 2.5 9.0 253 4.5 Oo 508 4.0 7.5 479 9.5 13.0 
658 g:5 8.0 O11 3.0 8.0 865 2.0 8.0 | 1452 13.0 17.0 
7 6.5 12.0 8 9.0 on5 3 6.0 8.0 33 14.0 16.5 
375 75 6.0 |. 8.0 311 7.0 9.5 317 3.0 9.0 74 16.5 18.5 
381 es 10.5 562 6.0 9.5 500 26.5 
671 5.0 A 664 5.0 9.0 959 oe 5 10.5 | 1000 29.0 
ee ee ae a es a eae BW 


« Direction of stress: Cross grain. Sheet thickness, 0.040 in. 


Tensile tests performed after indicated exposures in unstressed condition (data from reference 3), 
Tensile and stress-rupture specimens taken from different sheets. 
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TIME (LINEAR SCALE) 


(I DIVISION REPRESENTS 10% OF FULL FRACTURE) 
TIME IN EACH CASE 
Fic 18—EFFECT OF TEMPERATURE ON SHAPE OF CREEP CURVES. 
Curves selected on basis of equivalent fracture time. 
Material: 75S-T Alclad sheet. Average fracture time, 210 hours. 
Direction of stress, cross grain. Sheet thickness, 0.040 inch. 
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crease in stress appeared to have the same | 


effect as a decrease in temperature. 
Typical fractures are illustrated in Fig. 


IQ. 
SUMMARY AND CONCLUSIONS 


1. Five high-strength aluminum-alloy 
sheet materials have been subjected to 
stress-rupture and creep tests at tem- 
peratures from 94° to 375°F. Fracture 
times ranged from several minutes to 
tooo hr. In each test the following data 
were obtained: fracture time, elongation at 
fracture, creep rate, creep intercept, and 
the complete strain-versus-time curve. 

2. On the basis of rupture stress alone 
the materials may be ranked in the follow- 
ing order for fracture times up to 1000 hr.: 

94°F. to 211°F. 

Te 759219 

2. 24 S-T86, 24S-T81, R301-T, 24S-T 

211°F. to 375°F. 

1. 24S-T86, 24S-T81, 24S-T 

2. R301-T 

3. 75S-T 
In many applications it may be desired to 
use other criteria. At the lower tem- 
peratures, for instance, 24S-T may be 
accorded a lower rank because of its inferior 
yield stress. At elevated temperatures it 
may prove less desirable on the basis of 
corrosion resistance. 

3. At temperatures above 150°F. rupture 
stresses are generally lower than the values 
of “‘yield stress” determined in comparable 
short-time tensile tests. For this reason 


such tensile properties as yield stress, © 


ultimate stress, and tangent modulus 
should be used with caution at the higher 
temperatures. 

4. Under given conditions of tem- 
perature and fracture time, the rupture 
stresses are approximately the same for 
24S-T, 24S-T81 and 24S-T86. 

5. In many cases the elongation at 
fracture in stress-rupture tests is less than 
that obtained in short-time tensile tests 
under comparable conditions. 


STRESS RUPTURE AND CREEP TESTS ON ALUMINUM-ALLOY SHEET 


6. The stress-rupture fractures exhibit 
two characteristic appearances. In the first 
type the path is perpendicular to the speci- 
men axis; in the second it is inclined at an 
angle of 60°. The first type is characteristic 
of 75S-T at 94°F. but gives way to the 
second at the higher temperatures. This 
tendency is reversed in the other materials. 
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DISCUSSION 
(W. L. Fink, presiding) 


J. C. McDonaLtp*—What observations did 
the authors make on the ductility of these 
materials in the creep to rupture tests up to one 
thousand hours as compared with the ductility 
in the short-time tensile test? 


A. E. Franrtcan (author’s reply)—The 
same observation was made here as is made’ — 


re Assistant Technical Director, Magnesium © 
Division, The Dow Chemical, Midland, 
Michigan. 
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DISCUSSION 


generally; namely, that the elongations at 
fracture in the short-time tensile tests tended 
to be greater than the elongations at fracture 
in the stress to rupture tests. This tendency 
was especially notable in the longer tests and 
was more marked in some materials than in 
others. 

In the case of 24S-T, the long tests at the 
higher temperatures yielded elongations ap- 
proximately one half as great as those for the 
short-time tensile tests. Ht must be admitted 
that such a comparison may not be completely 
valid, since the short-time tests used as a basis 
of comparison were performed on specimens 
previously held at the elevated temperature in 
an unloaded condition. The stress-rupture 
specimens, on the other hand, were subjected 
to loading throughout the elevated-tempera- 
ture exposure. This difference may affect the 
comparison. 


K. R. Van Horn*—I think that Mr. Mc- 
Donald is concerned with trying to develop a 
test to scan alloys or reduce the amount of 
time necessary to test alloys for high-strength 
applications at elevated temperatures, there- 
fore I should like to ask several questions. 

Is the information that you have obtained 
for tooo-hr creep testing comparable to the 
results for short-time creep testing? Do the 
same generalized conclusions apply for both 
types of tests? Have you made similar studies 
on magnesium-base alloys and, if so, can short- 
time be substituted for long-time creep tests? 


DISCUSSION 
(W. L. Fink, presiding) 

J. C. McDonatpt—What observations did 
the authors make on the ductility of these 
materials in the creep to rupture tests up to one 
thousand hours as compared with the ductility 
in the short-time tensile test? 


A. E. Franican (author’s reply)—The 
same observation was made here as is made 
generally; namely, that the elongations at 
fracture in the short-time tensile tests tended 
to be greater than the elongations at fracture 
in the stress to rupture tests. This tendency 
was especially notable in the longer tests and 
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was more marked in some materials than in 
others. 

In the case of 24S-T, the long tests at the 
higher temperatures yielded elongations ap- 
approximately one half as great as those for the 
short-time tensile tests. It must be admitted 
that such a comparison may not be completely 
valid, since the short-time tests used as a basis 
of comparison were performed on specimens 
previously held at the elevated temperature in 
an unloaded condition. The stress-rupture 
specimens, on the other hand, were subjected 
to loading throughout the elevated-tempera- 
ture exposure. This difference may affect the 
comparison. 


K. R. Van Horn*—I think that Mr. Mc- 
Donald is concerned with trying to develop a 
test to scan alloys or reduce the amount of 
time necessary to test alloys for high-strength 
applications at elevated temperatures, there- 
fore I should like to ask several questions. 

Is the information that you have obtained 
for rooo-hr creep testing comparable to the 
results for short-time creep’ testing? Do the 
same generalized conclusions apply for both 
types of tests? Have you made similar studies 
on magnesium-base alloys and, if so, can short- 
time be substituted for long-time creep tests? 


A. E. FtantgAN—We have done no work on 
magnesium alloys. In the present case, extra- 
polation of the short-time creep data would 
seem hazardous. If it were possible to plot the 
data in a manner yielding straight-line rela- 
tionships between creep rate and the governing 
variables, one might feel more confident of 
extrapolation. Although various systems of 
plotting were tried, none was successful in this 
respect. 


J. C. McDonatp—If I may comment fur- 
ther on the points that were raised by Dr. Van 
Horn in reference to the remark that you just 
made; in the Magnesium Division of the Dow 
Chemical Co., we are making strenuous efforts 
to save money by confining most of our ex- 
ploratory work to roo hr, and I think where 
we are concerned with relatively small creep 
extensions, say under one tenth per cent, that 
we are not too badly off. If we were working 
above one tenth per cent, I am not so sure. 
~* Manager, Cleveland Research Division, 


Aluminum Company of America, Cleveland, 
Ohio: 


Twinning in Polycrystalline Magnesium 


By C. S. Barrett,* MrmBer, AND C. T. Haier, Jr.,f JUNIOR Memper AIME 


(Atlantic City Meeting, November 1946) 


TWINNING in magnesium is known to 
occur profusely under certain conditions, 
and when it occurs in polycrystalline 
materials it brings about a partial or 
even a complete change in the preferred 
orientation. The amount of research on 
this subject, however, has not been in 
proportion to its importance as a mech- 
anism of deformation and reorientation. 
Much of the research has been limited to 
twinning in single crystals. The present 
study! concerns polycrystalline sheet, and 
is an investigation of the twinning pro- 
duced by plastic deformation as a function 
of the following variables: 

1. Direction and type of deformation. 
Amount of deformation. 

Speed of deformation. 

Temperature of deformation. 
Composition and temper of the sheet. 
Twins previously produced. 

7. Twins previously produced, 

annealed. 
By proper control of these variables it is 
shown that, on a laboratory scale, samples 
can be produced that are free from pre- 
ferred orientations. 


ANE Ys 


then 


This article is based on work done at the 
Carnegie Institute of Technology. for the 
Office of Scientific Research and Development 
under contract OEM sr 1083. Manuscript 
received at the office of the Institute June 19, 
1946. Issued as TP 2103 in Merats TECH- 
NOLOGY, Dec. 1946. 

* Formerly Professor of Metallurgical Engi- 
neering and Member of Staff of Metals 
Research Laboratory, Carnegie Institute of 
Technology; now Professor, Institute for the 
Study of Metals, University of Chicago, 
Chicago, Illinois. 

+ Formerly Metallurgist, Metals Research 
Laboratory, Carnegie Institute of Technology; 
now with Development and Research Divi- 
sion, International Nickel Co., Pittsburgh, 
Pennsylvania. 

1 References are at the end of the paper. 


MATERIALS AND METHODS 


The materials used were samples of 
commercial magnesium-alloy sheets with 
nominal compositions given in Table 1. 


TABLE 1.—Commercial Sheet Samples Used 


Designation* 
Approximate Compo- 
ASTM eee. sition, Per Cent 
Paes Dow Corp. 
II M | AM3S | 1.5 Mn ; 
18 FS | AMs52S] 2.8 Al, 1 Zn, 0.3 Mn 
8 iT AM57S| 6.5 Al, 0.7 Zn, 0.2 Mn 


«The suffix O or a is used to denote annealed; 
R means hot-rolled; H or h means hard-rolled (cold- 
rolled); I means low impurity content (particularly 
iron and nickel) in Dow alloys, and AMC means the 
same in American Magnesium Corporation alloys. 


X-ray diffraction was used in most of 
this work to detect the twins and to 
estimate the amount of twinning. Since 
twinning on {102} planes causes a re- 
orientation of the crystal lattice by 86°, 
it is very easy to study with X-ray diffrac- 
tion patterns, particularly if one notices the 
diffraction ring from the basal plane— 
the oo2 reflection. By properly directing 
the X-ray beam, it is possible to produce 
oo2 reflections from twinned material 


at, say, the 6 and 12 o’clock positions 


on the oo2 ring, with the untwinned 
material reflecting to 3 and 9 o’clock 
positions; and by judging the relative 
intensity of the arcs on the diffraction 
ring at these positions, it is possible to 
judge the amount of twinned material 
relative to the untwinned. This X-ray 
method of estimating the amount of 
twinning is generally superior to metallo- 
graphic observation, for it was found 
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that a highly twinned sample yields 
microstructures in which twinning is 
scarcely visible. The X-ray test is so 
simple and unambiguous because of the 


Fic 1—DIFrFRACTION PATTERN OF Mh SHEET 
AS RECEIVED. 

Beam along CD, with RD vertical. Molyb- 
denum Ka reflection from the basal plane 
produces the arcs just inside of the largest ring 
in this and the following figures. 


fact that magnesium and its alloys have 
a very simple texture in rolled sheet: the 
basal planes are approximately parallel to 
the plane of the sheet, and cause a short 
arc on the oo2 ring, illustrated by the 
X-ray pattern for commercial sheet, 
as received, reproduced in Fig. 1, which 
shows the oo2 arcs at 3 and 9 o’clock for 
reflections of molybdenum Ka radiation. 


TWINNING BY UNIAXIAL AND BIAXIAL 
COMPRESSION 


It has been reported that {102} twinning 
is produced by compressing single crystals 
in directions parallel to the basal plane 
(i.e., the axis of compression perpendicular 
to the hexagonal axes), or compressing a 
polycrystalline sheet parallel to the basal 
planes of the grains in the sheet; i.e., 
parallel to the plane of the sheet. This 
was confirmed by compressing samples of 
FS and AMCs7S. When a sample is com- 
pressed along either the rolling direction, 


RD, or the cross direction, CD, of a sheet, 
diffraction patterns indicate that twinned 
material is produced with basal planes 
normal to the direction of compression 


Fic 2—TEXTURE AFTER 7.1 PER CENT COM- 
PRESSION IN RD AND 7.2 PER CENT IN CD at 
ROOM TEMPERATURE. 

X-ray beam parallel to VD with RD vertical 
in the print. 
(hexagonal axes parallel to the direction 
of compression). The amount of reoriented 
material increases with deformation at 
the expense of the initial orientation until, 
with severe reductions, no trace of the 
original orientation remains, and _ the 
patterns resemble Fig. 1 turned 90°. 

A specimen of AMC57SH compressed 
first 7.1 per cent in the rolling direction 
and then 7.2 per cent in the cross direction 
was then investigated. Each compression 
brought the hexagonal axes of some of the 
material into approximate parallelism 
with the compression direction. The 
resultant diffraction pattern, made with 
the incident X-ray beam parallel to the 
normal direction, is shown in Fig. 2. 
The original material showed no oo2 ring 
on a pattern made with this orientation 
of the specimen. Arcs at 3 and 9 o’clock in 
Fig. 2 are from material twinned during 
the second compression; those near 6 
and 12 o’clock are from twinning during 
the first compression. The minima in the 
center of the 6 and 12 o’clock arcs prob- 
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ably come from the shifting of material 
out of this orientation by the second 
compression. A photogram very similar 
to Fig. 2 was obtained with the incident 


Fic 3—ILLUSTRATING DEGREE OF RANDOM- 
NESS PRODUCED BY FLATTENING A BULGED 
SHEET. BEAM ALONG ND. 


beam along the cross direction, showing 
that some material was left in the original 
orientation, though only a fraction of the 
amount initially there. 

The double compression thus left the 
sheet with hexagonal axes of the grains 
clustering about the three principal direc- 
tions in the sheet (VD, RD, CD). It seemed 
likely that compression along additional 
directions in the plane of the sheet would 
reorient material to additional directions, 
and that if the sheet were compressed in 
all directions in the basal plane (balanced 
biaxial compression) the resultant sheet 
would show a uniform distribution of 
hexagonal axes in all directions in the 
plane of sheet. To test this idea, a jig 
was constructed for pressing a spherical 
bulge in a sheet. Forming this bulge 
should not alter the orientation of the 
sheet, but the biaxial compressive strain 
produced by a subsequent flattening of 
the bulge should cause the twinning 
desired. A specimen cut from Mh sheet 
0.100 in. thick was used, compressed 


TWINNING IN POLYCRYSTALLINE MAGNESIUM 


between dies to a bulge with a radius of 
34 in. and a depth of approximately 
3% in. The bulge could not be made cold 
in our experiment, but could easily be 
made at 300°C. The resultant flattening 
at room temperature produced the orienta- 
tion expected, as indicated by reflections 
in all directions around the oo2 ring of 


Fig. 3. 
ATTEMPTS TO CAUSE {101} TWINNING 


The occurrence of twinning on {1or} 
planes has been reported by Schiebold 
and Siebel? but Bakarian and Mathewson* 
were unable to find evidence for it in 
even the most favorably oriented single 
crystals at temperatures ranging from 
room temperature to 300°C. 

An attempt was made to detect {ror} 
twinning in polycrystalline sheet by 
compressing samples in the direction 
normal to the sheet, a direction that 


- would not cause {102} twinning but would 


be favorable to {ror} twinning. The 
samples were milled from hot-rolled FS 
sheet 14 in. thick. 

One specimen was compressed 14.2 per 
cent in the normal direction at —77°C, 
using a drop hammer that attained a 
speed of 31 ips, at the time of impact, 
and a second specimen was compressed 
at this temperature at a speed of 41 ips. 
In both cases, the ordinary single orienta- 
tion in the specimen was retained with 
practically no change in the amount of 
scatter. Hence there was no indication of 
{ror} twinning. Similar specimens were 
compressed slowly at an elevated tempera- 
ture in an attempt to produce {ror} 
twinning. Compression of 15.6, 37.7, 
and 56.8 per cent in the normal direction 
was carried out at 300°C, while the 
specimen was immersed in a circulating 
salt bath. Again, the X-ray patterns 
indicated that there was no significant dif- 
ference in the orientation after deformation. 

The experiments indicate that neither 
rapid compression at low temperatures, 
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nor slow compression at high temperatures 
produce sufficient {101} twinning to 
alter the preferred orientation to an 
amount discernible by X-ray diffraction. 
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deformation at high temperatures. Another 
device was constructed to aid in grinding 
accurately parallel faces on the com- 
pression specimens, which were 0.080 in. 


to the surface of a sheet produces {102} 


deformation is required to initiate and 
- to complete this twinning when the de- 
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Fic 4—PREFERRED ORIENTATIONS IN AM57SH SHEET COMPRESSED AT VARIOUS TEMPERATURES. 
Arcs indicate basal plane reflections with X-ray beam along CD and with RD vertical on page. 
square by 0.240 in. long in all hot com- 
pression tests, and 0.040 in. square by 
0.117 long in cold compression tests, 
and were milled from AMCs7SH. 

The results of the compression experl- 
ments are summarized in Fig. 4, where 
sketches are assembled of the X-ray 
diffraction patterns made after each com- 
pression. The sketches represent the 
distribution of intensity around the oo2 
ring that is formed when the X-rays are 
directed’ parallel to the cross direction 
of the sheet. Compression was in all 
cases parallel to the rolling direction of the 
sheet, which is vertical in the sketches. 
With this orientation of specimen and 
X-ray beam, the initial orientation pro- 
duces intensity maxima at 3 o’clock and 


Twinning vs. Temperature and Amount of 
Compression 


Compression along any direction parallel 


twinning in amounts increasing with 
increasing deformation. A series of experi- 
ments was conducted to study how much 


formation is at room temperature, and 
how this varies with temperature. A jig 
was constructed in which close-fitting 
pistons, with faces parallel within a 
few minutes of arc, could be forced against 
the ends of small specimens by turning 
a screw by hand. The jig and specimen 
could be immersed in a salt bath for 
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9 o’clock and {102} twinning produces 
maxima at 6 and 12 o’clock. 

Fig. 4 shows that reorientation at room 
temperature becomes detectable at com- 
pressions in the neighborhood of 2 per 
cent and is nearly complete at about 
8 per cent. Since it is impossible to cause 
appreciable reorientation at these slight 
deformations by the mechanism of slip, 
we can conclude that twinning is the 
mechanism responsible. Thus twinning 
becomes important with compressions of 
2 per cent and becomes complete at 
about 8 per cent. The amount of twinning 
at —77°C and 100°C is about the same. 
(See the second and third rows of the 
chart). At 200° and 300°C, however, the 
approach to the reoriented position at 
6 and 12 o’clock is much more gradual, 
and some of the initial orientation persists 
to about 50 per cent compression. This 
gradual reorientation, so different from 
the abrupt reorientation of twinning, must 
be ascribed to rotation resulting from slip. 

Some specimens of FS-H alloy com- 
pressed at room temperature were ap- 
parently identical with these AMCs57SH 
samples in their reaction to the strains, 
and likewise a specimen of Mh deformed 
at 250° showed less twinning than at 
room temperature. It seems likely that 
results very similar to those of Fig. 4 
would be obtained with any commercial 
magnesium-base alloys. 

The conclusions that can be drawn 
from Fig. 4 with regard to twinning by 
slow compression may be summarized 
as follows: 

1. Small compressive strains parallel 
to the basal plane cause twinning at 
—77°, 20°, and 1oo°C, such that the 
hexagonal axis becomes parallel to the 
compression direction. A compression of 
1.4 per cent does not produce any per- 
ceptible alteration of the orientation, 
but twinning increases with deformation 
when it exceeds this amount and is essen- 
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tially completed when a strain of 8 per 
cent is reached. 

2. As the temperature of deformation 
is increased, twinning decreases, provided 
the rate of strain is slow; 12.5 per cent 
reduction at 200°C produces very slight 
{102} twinning, while mone is evident at 
300°C. 

3. With increasing amounts of reduction 
at 250° and 300°C the range of orientation 
gradually becomes smaller, and the final 
orientation obtained by slip at these 
temperatures is approximately the same 
as that resulting from twinning at room 
temperature. With 88 per cent reduction 
at 300°C the pole figure resembles that 
of commercial sheet. 

4. The amount of compressive deforma- 
tion necessary to attain the final orienta- 
tion at 300°C is approximately ten times the 


deformation required at room temperature. — 


5. There is no evidence of {101} twin- 
ning. As reduction increases the scatter 
of basal planes decreases until the final 
texture is reached; there is no evidence 
of twinning away from this final orienta- 
tion, as would be expected if {ror} twin- 
ning were active. 

While Fig. 4 applies only to the com- 
pression of commercial sheet in the rolling 
direction, the previous tests indicate 
that similar results would be obtained by 
compressing any other direction in the 
plane of the sheet; no {102} twinning 
would be expected from compression 
normal to the sheet. 

The absence of twinning on com- 
pression at 300°C was somewhat unex- 
pected, as it has been reported® that the 
tendency is in the direction of increased 
twinning at elevated temperatures with 
single crystals of pure magnesium. On 
the other hand, an increase in temperature 
tends to suppress twinning during the 
plastic extension of zinc and cadmium, 
and the same is true in iron, for to obtain 
appreciable twinning in ferrite the tem- 
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perature must be reduced well below 
zero, 47 


EFFECT OF STRAIN RATE ON TWINNING 


To test the effect of increased rate of 
deformation on the amount of twinning 
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perature. The rolls, which were 15¢ in. 
in diameter, are illustrated in Fig. 5. 
Square rod-shaped samples were cut from 
o.t00-in. Mh sheet and turned on edge 
between the rolls, so that rolling shortened 
the original cross direction and lengthened 


Fic 5—ROLLs CONSTRUCTED FOR SLOW HOT-ROLLING OF SAMPLES IN A MUFFLE FURNACE. 


produced, specimens were cut from o.100- 
in. Jra sheet and compressed in a salt 
bath at 300°C with a hammer blow. 
Contrary to the results at slow rates of 
deformation practically complete twinning 
was noted with 13.5 per cent compression, 
and somewhat over 50 per cent twinning 
occurred with a compression of 8.4 per cent. 


Similarly, a sample 0.5 by o.5 by 1 in. 
cut from an FS sheet was almost com- 


pletely twinned when compressed under a 
drop hammer immediately after removal 
from a furnace at 300°C. The maximum 


Yate of strain in this case was about 


80 in. per ips. These experiments show 
clearly that twinning is suppressed at 
elevated temperatures only if the deforma- 


tion is at a sufficiently slow rate. 


turned at various speeds while 


ea 


Further rate studies were conducted 
with a small set of rolls that could be 
placed in an electric muffle furnace and 
| both 


specimen and rolls were at uniform tem- 


the original rolling direction, thus providing 
an opportunity for twinning. After the 
samples were rolled at 300°C the X-ray 
patterns lead to the following conclusions. 

A linear speed of 25 fpm through the 
rolls and a reduction of 12 per cent in 
thickness in one pass produced abundant 
twinning and reoriented most of the 
material. The amount of twinning approxi- 
mated that produced by a similar reduction 
at room temperature. 

A linear speed of 2,1 fpm and a ro per 
cent reduction reoriented less material 
than rolling at the higher speed, but some- 
what more than 50 per cent of the metal 
was judged to be in the twinned position. 
The intensity at the twinned position 
on the oo2 diffraction ring was greater 
than at any other position. 

A linear speed of 0.9 fpm reduced the 
twinning still lower although an ap- 
preciable amount still occurred. The 
intensity on the oo2 diffraction ring at the 
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twinned position was about equal to the 
intensity at all other positions around the 
ring. 

The rolling experiments confirm the 
conclusion from the compression experi- 
ments that twinning at elevated tem- 
peratures is suppressed only with very 
slow strain rates. At strain rates in excess 
of so in. per ips, the amount of twinning 
is nearly the same as at room temperature. 


PRODUCTION OF SAMPLES FREE FROM 
PREFERRED ORIENTATION 


It is possible to utilize the twinning 
characteristics discussed in the preceding 
paragraphs in the preparation of samples 
of magnesium sheet that are free from 
preferred orientations. By compressing 
rolled sheet in two or more directions in 
the plane of the sheet, twinning reorients 
the hexagonal axes into many directions 
in the plane of the sheet. (We have men- 
tioned that two compressions at right 
angles to each other of about 7 per cent 
are quite effective for this purpose.) If 
these compressions are followed by a 
slow deformation at 300°C or higher, 
which thins the sheet without producing 
twins, the grains are gradually returned 
to their normal orientation by the opera- 
tion of slip. The hot deformation can be 
stopped at a stage where there is a uniform 
distribution of orientations in all directions, 
just as in the related experiments of Fig. 4 
(see the middle of the two bottom lines of 
this chart). , 

Of the various tests conducted using 
these principles, the most complete ran- 
domness in texture was obtained on a 
piece that was reduced by alternate cold 
compressions along CD and RD, then 
hot-rolled at 300°C in the direction of CD 
so as to reduce the thickness (ND) 7.7 
per cent, and finally hot-rolled in the 
direction of RD so as to thin it an addi- 
tional 11.7 per cent. X-ray patterns of 
this sample showed complete rings of 
uniform intensity. 
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An investigation of the physical proper- 
ties-of random sheet by means of small 
tensile specimens indicated that the dif- 
ference from commercial sheet was not 
pronounced. The tensile strength averaged 
slightly lower and the reduction of area 
slightly higher than values for the same 
alloy in commercial sheet but the amount 
of reduction by cold-rolling that could 
be given before the sheet developed cracks. 
was not improved. It can be concluded 
that the condition of randomness is not | 
maintained through much additional cold- 
work; the specimen soon reverts to the 
strength and ductility of normal sheet. 


TWINNING BY BENDING 


Bending a sheet around rolls introduces 
compressive strains parallel to the basal 
planes of grains at the inside of the bend, 
a condition suitable for twinning. As it 
has been reported® that roller leveling is 
an effective way to alter the orientation of 
magnesium sheet, it was thought important 
to investigate this process in some detail, 
and to study the twinning produced by 
bending a sheet to different radii. 

Samples of commercial Jx sheet, 0.070 in. 
thick, both in the hot-rolled and in the 
annealed conditions, were passed 46 times 
through a roller leveler consisting of 
1o rolls of 144-in. diameter. In one pair 
of samples the passes were made parallel 
to the rolling direction of the original 
sheet, and in the second pair the passes 
were in the transverse direction of the 
sheet. That these treatments were severe 
was indicated by the fact that they caused 
considerable alterations in the tensile 
and compressive yield strengths and tensile 
elongation. The four roller-leveled samples 
were X-rayed both at the surface and 
midway between the surfaces. In every 
sample and at every point examined the 
orientation was identical with that of the 
original material, and showed no evidence 
of twinned orientations, and there were 
very few twins visible metallographically. 
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Tinsmith’s rolls were used for another 
alternate bending experiment, in which a 
3-in. square of Jr sheet in the hot-rolled 
condition, 0.070 in. thick, was passed 
through the rolls so as to be-bent al- 
ternately 150 times around rolls 114 in. 
in diameter. The passes were in random 
directions in the sheet. X-ray examination 
disclosed no twinned material after this 
treatment. When this experiment was 


_. repeated with a large-grained sheet of 


pure magnesium, a twinning “cry” could 
be heard during the first few bends, but 
no twinned material was found at the 
conclusion of the test. 

To explain the absence of twinning in 
these experiments, an investigation was 
made of the conditions necessary to 
produce twinning when a sheet is given 
a single bend. Specimens from sheets of 
FSh, AM3SH, AMCs52SH, AMCs57SH and 
Jzh and Jia were bent to different radii 
and the amount of twinning at the com- 
pression surface of the bend (the inner 
surface) was determined by. X-ray dif- 
fraction. It was found that reorientation 
by twinning became perceptible and that 
it reached completion at radii that did 
not depend upon the composition of the 
sheet. The amount of strain at the surface 
could not be computed accurately from 
the radii of the bends, for the exact 
position of the neutral axis in the sheet 


was not known, but approximate cal- 


TABLE 2.—Radii of Bends 


Bend Radius to | Bend Radius to 
Produce Barely | Produce Com- 


Thickness of Co: 
Perceptible plete ile 


Sheet, In. 


Twinning, In. ae 


culations did not disclose any appreciable 
difference between the amount of strain 
required for twinning in bending and 
twinning in compression. Table 2 gives 
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the approximate radii of bends that pro- 
duce twinning in the surface layers. From 
this table it can be inferred that one reason 
the roller leveling did not leave twins in 
the sheets was that the bending was not 
around a small enough radius. A second 
reason also enters: when a twin is formed 
on the compression side of the bend its 
orientation is such that straightening or 
reverse bending tends to untwin it. (The 
phenomenon of untwinning by reversed 
deformation has been reported in tin by 
Chalmers.®) 

Untwinning by reversed bending was 
noted in the following experiment: A 
piece 14g in. wide was cut from }-in. 
FSh sheet and bent to a radius of 1 in. 
with the axis of the bend parallel to the 
sheet surface. The inside of the bend was 
completely twinned and the outside un- 
altered by the treatment. When the 
piece was subsequently straightened, the 
twinning disappeared from the surface 
layers that had been on the inside of the 
bend. Thus twins caused by compressive 
strains are untwinned by tensile strains. 
Straightening the piece caused compressive 
strains in the layers at the outside of the 
bend and there was, accordingly, almost 
complete twinning there. 

It was found possible to leave a small 
amount of twinned metal at both surfaces 
of a sheet of FSh by first bending it, then 
straightening, annealing, bending in the 
opposite direction, and finally straighten- 
ing.. This process, however, did not alter 
the orientation at the center of the sheet, 
where the strains were negligible. 


DISCUSSION OF RESULTS 


It is interesting to note that, within 
the accuracy of the determinations, the 
strain that causes complete twinning of 
polycrystalline sheet is the same as the 
maximum change of length that can be 
caused in a single crystal of magnesium 
when it is twinned (about 7 per cent). 
Therefore, in the first stages of plastic 
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flow, the mechanism of twinning must 
account for the greater proportion of the 
strain, and slip must be a minor factor. 
Since the basal plane is nearly parallel 
to the applied stress, the resolved shear 
stress on this plane is very low, and it 
would not be easy to start slip on this 
plane—the resolved shear stress in the 
twinning direction on some of the twinning 
planes would, in general, be considerably 
greater. 

In spite of these geometrical relations, 
however, when the temperature is raised, 
the mechanism in the early stages of 
strain presumably becomes one of slip, 
since it causes a gradual reorientation 
as strain increases, instead of an abrupt 
one. Since the ratio of the resolved shear 
stress on the basal plane to that on the 
twinning planes is independent of tem- 
perature, one must conclude that raising 
the temperature lowers the critical stress 
for slip more than the critical stress for 
twinning. A similar relationship has been 
postulated in other cases; for example, 
in iron-silicon alloys.’ Perhaps also the 
critical shear stress on planes other 
than the basal plane becomes so low 
that these additional planes become 
active slip planes at elevated temperatures, 
as has been repeatedly suggested by 
various observers and observed with some 
metals. If this occurred, the additional 
opportunities for slip would also act to 
lower the available stresses for twinning 
and thereby reduce the amount of twinning. 
It would not be necessary, of course, to 
postulate that slip at low temperatures 
is entirely on basal planes, and that slip 
on other planes starts abruptly at a 
certain temperature. On the contrary, 
it is highly likely that there is some non- 
basal slip at all temperatures. 


SUMMARY 


1. In sheet material with a well-de- 
veloped rolling texture the amount of 
twinning produced by a given strain can 
be judged by X-ray determinations of 
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the texture, but not, in general, by metallo- 
graphic examination. 

2. Compressing a rolled sheet at ordi- 
nary temperatures in any direction parallel 
to the plane of the sheet causes reorienta- 
tion by {102} twinning. Basal planes, 
formerly parallel to the sheet, become 
perpendicular to the direction of com- 
pression. Compression in two directions 
can be used to place basal planes per- 


pendicular to both. Compression in all — 


directions in the plane of the sheet can 
be used to place basal planes in all direc- 
tions perpendicular to the plane of the 
sheet; this has been accomplished by 
flattening a bulge. 

3. Twinning increases with strain at 
—77°, 20°, and 100°C, becoming ap- 
preciable with strains of about 2 per cent 
and complete at about 8 per cent. The 
amount of twinning for a given strain is 
approximately the same in all commercial 
alloys tested. 

4. Twinning is reduced by deforming 
at 200°C and eliminated by deforming at 
300°C, when the rate of deformation is 
slow, so that the compressive deformation 
necessary to attain a completely re- 
oriented texture at 300° (by slip) is 
approximately ten times the deforma- 
tion required (by twinning) at room 
temperature. 

5. Twinning at elevated temperatures 


when the strain rate is sufficiently high, 


as in rolling with ordinary speeds at 
300°C, is as profuse as at room temperature. 

6. Preferred orientations can be removed 
from a specimen, leaving randomness, 
by combining cold compressions in two 
or more directions in the plane of the 


sheet with slow hot-rolling of the sheet — 


surface. Randomness does not appreciably 
increase tensile strength or ductility. 

7. Twinning is produced on the com- 
pression side of a bent sheet, is removed 
by straightening the bend, and is produced 


on the side that is compressed by the 
straightening. 
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DISCUSSION 


8. Complete twinning in the surface 
layers of a sheet requires bending to a 
radius of about six times the thickness; 
detectable twinning occurs with bending 
to a radius of 25 times the thickness. 

9. Repeated roller leveling may fail 
to alter the sheet texture even when it 
causes considerable alteration in yield 
strength and elongation. 
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DISCUSSION 


R.L. Dietricn*—We at The Dow Chemical 
Co. have recently done some work on the de- 
formation of magnesium alloys and although it 


* Process Development Division, Magnesium 
Laboratories, The Dow Chemical Co., Mid- 
land, Michigan. 
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is far from complete there have been a few ob- 
servations which may be of interest in connec- 
tion with this paper. 

In the first place, I should like to point out 
that the deformation of polycrystalline mag- 
nesium alloys has not been completely ex- 
plained by the work on single crystals. Bakarian 
and Mathewson found slip on the {ror} and 
{oo2} planes, and {102} twinning as the defor- 
mation mechanisms in magnesium single crys- 
tals, but in compression when the {002} planes 
were within 11° of parallel to the compression 
surfaces, fracture occurred at all temperatures 
up to 340°C (644°F). In commercial working 
processes, particularly in rolling, an orientation 
is quickly produced which should be unfavora- 
ble to further deformation by the three estab- 
lished mechanisms. The first few reductions in 
rolling quickly produce an orientation having 
the basal plane parallel to the surface of the 
sheet with a few degrees scatter on either side. 
Further reduction does not decrease, but in 
some cases even increases, the scatter away 
from the parallel position. It seems evident that 
either some other mechanism than basal slip, 
{ror} slip or {102} twinning must be acting; or 
that the microstresses on the individual grains 
are favorable for basal or other slip although 
the macrostresses on the polycrystalline sample 
are not. 

Attempts by Bakarian and Mathewson to 
produce {ror} twins by compression of mag- 
nesium single crystals were unsuccessful, nor 
were the authors able to find evidence for such 
twinning in polycrystalline compression samp- 
les. We have found {101} twins in M alloysingle 
crystals which had been rolled at 700°F (371°C) 
with the basal plane parallel to the rolling sur- 
face, but a few attempts to produce {101} 
twinning in compression samples were unsuc- 
cessful. Even in the rolled samples, these twins 
were few in number and the principal deforma- 
tion occurred in what appear to be bands of 
twins, such as those shown in Fig 6. The exact 
nature of these bands has not been determined 
because they have been found only in crystals 
that had been severely distorted by rolling. 

The authors postulate that nonbasal slip 
occurs at all temperatures although Beck says 
that {zor} slip occurs only above 225°C and 
Bakarian found it at elevated temperature. We 
have found some evidence that the authors are 
correct and that in polycrystalline magnesium 
alloys {ror} slip is active at room temperature. 
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Fic 6—DEFORMATION BANDING IN MAGNESIUM + 1.5 MANGANESE SINGLE CRYSTAL. X 250. 
Rolled at 700°F. Polished and re-etched after rolling. 


ctl 8 
Fics 7 AND 8—LOCALIZED DEFORMATION IN AM3S SHEET. 

Fig 7—Compression surface of 0.200 in. hot-rolled sheet deformed by bending at room temper- 
ature about the transverse direction to an arc of 7-in. radius showing bands resulting from localized 
deformation brought about by {102} twinning. Bands are parallel to transverse direction. Alcoholic 
HNO; etch. Oblique illumination. X to. 

Fig 8—Longitudinal section through sheet described under caption for Figure 7 showing on 
the compression side of neutral axis wedge-shaped bands inclined to rolling direction. Alcoholic 
HNO; etch. Oblique illumination. X 8. 
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Xray patterns at the fracture of sheet-tension of the test bar; a high percentage of alloying 
specimens pulled at room temperature showed elements apparently favoring [101] slip. The 
a preferred orientation with the [210] direction sharpness of the fibering could be predicted by 
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Fics 9-12—LOCALIZED DEFORMATION IN AM35S SHEET. 

Fig 9—Surface of 0.081 in. cold-rolled sheet showing bands resulting from localized deform- 
ation brought about perhaps by {101} twinning. Bands are parallel to transverse direction. 
Alcoholic HNO; etch. Oblique illumination. X 1. 

Fig 1o—Transverse section through sheet described under caption for Fig 9 showing bands 
parallel to transverse direction. HAc-NH,Ac etch. Vertical illumination. X 25. 

Fig 11—Longitudinal section through sheet described under caption for Fig 9 showing bands 
inclined to rolling direction. HAc-NH4Ac etch. Vertical illumination. X 25. 

Fig 12—Same as Fig 11 at higher magnification. HAc-NHAc etch. Vertical illumination. 


X 100. 


parallel to the tension direction. This pattern _ the ratio of reduction in width to reduction in 
would be produced by duplex slip on the {101} thickness of the sheet-tension bars. 

planes in the [x10] direction. Basal slip in the 
[x10] direction should produce a texture with 
the [110] direction parallel to the tension direc- 
tion. The percentage of material having the 


L. K. Jerrer*—Twinning in magnesium 
alloy sheet has been a subject of metallographic 
investigation in our laboratory. Under certain 


] * Aluminum Company of America, New 
was markedly influenced by the alloy content Kensington, Pennsylvania, 
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conditions, when deformed by bending about 
the transverse direction, AM3S sheet develops 
a pattern of transverse bands on the surface in 
compression (Fig 7). A longitudinal section 


rR 
Fic 13—ORIGINAL FS-lh SHEET. 


through the sheet exhibits on the compression 
side of the neutral axis wedge-shaped bands in- 
clined to the rolling direction (Fig 8). These 
bands evidently are outcrops of regions in 
which deformation is localized as a result of the 
reorientation brought about by {102} twinning. 
The twinned regions increase in extent with 
increase in amount and speed of deformation 
and with decrease in temperature of deforma- 
tion, in agreement with the results presented in 
the paper. 

When deformed excessively by rolling, AM3S 
sheet may develop a somewhat similar pattern 
of transverse bands, but on both surfaces (Fig 
9). A transverse section through the sheet 
exhibits bands parallel to the transverse direc- 
tion (Fig 10), a longitudinal section, bands 
inclined to the rolling direction (Fig 11). These 
bands also appear to be outcrops of regions in 
which deformation is localized (Fig 12). That 
this is so is indicated also by the finer grain size 
that develops in these regions upon subsequent 
annealing. The regions respond to changes in 
the factors enumerated above in a manner 
similar to those resulting from {102} twinning, 
but the range of deformation and temperature 
in which they appear is scmewhat different— 
the lower limit of deformation is higher and the 
upper limit of temperature is lower. 
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This similarity in appearance and behavior 
suggests that the bands developing during 
rolling also are a result of twinning, perhaps on 


the {ror}. As pointed out in the paper, the © 


stress system in this case is favorable for {101} 
twinning but not for {102} twinning. Positive 
identification, however, awaits investigation 
by X-ray diffraction methods. 

That {101} twinning should occur during 


rolling but not during simple compression nor- - 


mal to the surface of sheet is somewhat puz- 
zling. It may be that the deformation imparted 
by the latter method was not sufficient for the 
temperature at which the tests were carried 
out. To produce the bands described requires 
20 pet or more reduction by rolling at room 
temperature, the exact amount depending upon 
the composition, grain size, and other factors. 


G. ANSEL*—We at The Dow Chemical Co. 
appreciate the additions to the knowledge on 
the deformation of magnesium made by the 
authors, and we certainly hope that Dr. Bar- 
rett will find more time in the future to work 
on magnesium. 

It was indicated that roller-leveling caused a 
considerable change in properties and yet the 
effects were not detectable by X-ray means. 
One of the most important effects that occurs 
in the roller-leveling process is a decrease in 
tensile-yield strength, which in the past has 
always been attributed to the retwinning of 
material twinned during roller-leveling. 

I wonder if the sensitivity of the X-ray 
method to the amount of metal twinned is 
sufficient to conclude that there is no twinned 
material in roller-leveled sheet? In practice we 
definitely have a decrease in length of a sheet 
subjected to severe roller-leveling. Decreases 
in length of o.1 pct are sufficient to produce a 
decrease in yield strength. 

If we can say absolutely that there is no 
twinning occurring during roller-leveling, we 
will have to postulate some other mechanism 
for the decrease of tensile-yield strength. 

A second question is: Have the authors ever 
annealed any of their compressed specimens 
and observed a change in texture? It has been 
generally stated that magnesium recrystallizes 
with no change in orientation. At Dow we have 
done some work that indicates that this con- 
clusion does not always apply when consider- 


* Director, Process Development Division, . 


Magnesium Laboratories, The Dow Chemical 
Co., Midland, Michigan. 
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able amounts of deformation by twinning are 
involved. In Figs 13, 14, and 15 are presented 
pole figures of Dowmetal FS-lh 0.125 in. in the 
original condition, compressed 5 pct in the 
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Fic 14—FS-l1 coMPRESSED 5 PCT IN CROSS 
DIRECTION. 


transverse direction and then compressed and 
annealed. The appearance of new maxima on 
annealing was definite and probably is related 
to recrystallization of high-order twins. The 
properties of the sheet are shown in Table 3. 
A third point I would like to bring out is that 
the authors have indicated that double com- 
pression leaves the sheet with hexagonal axes of 
the grains clustering about the three principal 
directions in the sheet ND, RD, CD. It would 
seem to me that for any considerable amounts 
of compression the last direction of compres- 
sion would determine the orientation; in which 
case for the sample cited in Fig 2 the pole 
figure should show strong indications of basal 
planes at right angles to the CD direction and 
few, if any, basal planes at right angles to the 
RD or ND directions. 


G. Epmunps*—I should like to ask about 
Fig 2. The spread of orientations about the 
rolling direction is somewhat larger than the 
spread in most of the other pictures, particu- 
larly Fig 1. Has that difference any signifi- 
cance? I am not, of course, referring to the 
portion from which all the crystals have been 
twinned away, but only the breadth of the range. 


* Research Laboratories, American Brake 
Shoe Co., Mahwah, New Jersey. 
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In connection with cases where the recry- 
stallization texture differs from the rolling 
texture, the work of Arthur Phillips et al. on 
copper reported years ago in ASTM and AIME 
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Fic 15—FS-lh ComMPRESSED 5 PCT IN CROSS 
DIRECTION AND ANNEALED. 600°F. 


proceedings is of interest. There were a number 
of cases in which the recrystallization textures 
could be random when produced from a highly 
orientated copper strip, or there could be a 
recrystallization texture that was similar to the 
texture of the rolled strip. 


C. S. Barrett (author’s reply)—Mr. 
Edmunds mentions the fact that some metals 
alter their orientation upon recrystallization 
and that textures can be controlled in this way. 
Magnesium sheet is rather unusual in this 
respect, for the deformation texture is retained 
upon recrystallization in nearly every instance. 
(See reply to Mr. Ansel’s discussion, below.) 

The significance of the relative lengths of the 
arcs in Figs 1 and 2 is to be found in the differ- 
ent mechanism causing the texture in the two 
cases. Fig 1 results from rolling and Fig 2 re- 
sults from twinning of the rolling texture. 
There is reason to believe that such twinning 
would always increase the range of orientation; 
consider, for example, an ideal rolling texture 
in which the hexagonal axes are all exactly 
parallel to ND, but in which there is an azi- 
muthal range of orientation around ND. If this 
texture were twinned by compression in RD 


there would be a considerable range of orienta- 
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tions of the hexagonal axes clustering around 
RD. 

It appears likely that decreases in yield 
strength upon roller-leveling may be due to 
retwinning of material twinned during the 
leveling, as Mr. Ansel suggests. While it is true 
that we found no evidence for twinning in the 
texture of sheets that had been roller-leveled 
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sion in the transverse direction (or, almost cer- 
tainly, in any other direction that lies in the 
plane of the sheet) is found by Mr. Ansel to 
produce a texture that alters on annealing. 
Since this produces abundant twins and ordi- 
nary rolling does not, it seems reasonable to 
assume that the new texture is related to 
twinning. If this assumption is correct, one 


TABLE 3—Properties of Sheet 


: Tensile Tensile Ration nipcessime 
Material eee Strength, Yield, Elo Beno , Compre abl 
Psi Psi 

OSE AS-IS SON rae, prac alts, sites ete ett xt toe Rolling 43,000 31,700 TE OF 29,000 
Cross 44,100 32,500 17-5 30,300 

FS-h 5 pet cross cOmpression..............-- Rolling 46,800 35,000 13.5 38,900 
Cross 44,600 22,700 16 30,600 
Same as above plus anneal.............c.00 Rolling 38,000 24,400 22 15,400 
Cross 37,300 16,700 26 17,700 


enough to alter the yield strength and elonga- 
tion, this does not remove the possibility that 
small amounts of twinned material were pres- 
ent. The usual X-ray patterns used in texture 
studies are not highly sensitive to small 
amounts of material, and judging from the 
figures quoted in the discussion it might be 
necessary to detect twins that constituted less 
than one per cent of the volume of the material 
in order to settle the point. It does not appear 
safe, incidentally, to attribute the entire de- 
crease in length during roller-leveling to a 
corresponding volume of twins left in the speci- 
men. Even if all the twins produced during the 
leveling were later untwinned, there would 
doubtless be irreversible local flow at the edges 
of the twins and the specimen would not regain 
its original length exactly. 

Recrystallization orientations were studied 
at some length in this project, but attention 
was restricted to those involving cycles of 
ordinary rolling to various reductions and 
annealing at different temperatures. FS-H 
sheet was cold-rolled 20 pct, individual pieces 
were annealed for 44 hr at 200°, 300°, 350°, and 
400°C, respectively, then cold-rolled 10 pct 
and annealed at the same temperature at which 
the piece had previously been annealed, and 
finally again cold-rolled 10 pct and annealed 
as before. X-ray examination at various stages 
in these cycles revealed no alteration of the 
texture. Consequently we agree with the gen- 
eral belief that the rolling texture is retained 
upon recrystallization. 

It is most interesting that a 5 pct compres- 


would expect the annealed material to show 
many annealing twins when examined metallo- 
graphically. Perhaps it should be pointed out 
that the change of texture of the 5 pct com- 
pressed sheet upon annealing is not so marked 
that it alters the anisotropy of the physical 
properties, according to the data of Table 3. 
The ratio of longitudinal to transverse prop- 
erties is the same before and after annealing. 

Our finding that a certain compression in 
two directions leaves hexagonal axes clustering 
about the three principal directions is not 
difficult to understand. The experiment illus- 
trated by the top line of Fig 4 shows that the 
volume of twinning gradually increases as 
deformation proceeds; if it is stopped before 
twinning is complete some material is left in 
the initial orientation. Similarly, on a subse- 
quent compression, some material can be left 
in the first two positions by a choice of the 
proper amount of final compression. We have 
carried out some additional experiments on 
combinations of deformations that produce 
random or near random orientations, the de- 
tails of which are reported in full in the OSRD 
reports of the project, which have now been 
declassified. 

Whether the localized deformation shown in 
Dr. Jetter’s pictures results from twinning of 
one kind or another seems impossible to deter- 
mine without additional data, but we agree 
that the variation of these bands with speed 
and temperature suggest that twinning could 
be responsible. 
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Hydrogen in Magnesium Alloys 


By R. S. Busk*, Mremper, AIME anp E. G. Bosatext 


(Atlantic City Meeting, November 1946) 


THE relation between gases and metals 
has been a subject of increasingly active 
investigation during the past years, prin- 
cipally devoted to the study of metal- 
hydrogen systems. It has been found that 
hydrogen is soluble in most molten metals 
to an appreciable extent and somewhat 
soluble in most solid metals.!:? In every 
known case there is a sudden decrease in 
solubility at the melting point. Thus a 
freezing mass of metal containing hydrogen 
in excess of the solid solubility must in 
some way expel that excess during the 
freezing process. This leads to internal 
blowholes, and such effects as pinhole 
porosity. Gas trapped in metal that is to be 
fabricated by a working process such as 
extrusion or rolling may be the cause of 
blisters. For some cases, notably in 
copper and iron alloys, the presence of 
hydrogen can lead to extreme embrittle- 
ment of the metal. 

The aluminum-casting industry has 
long recognized the importance of hydrogen 
in its techniques. Excess gas in molten 
aluminum alloys often leads to the forma- 
tion of ‘‘pinhole porosity” in the solid 
casting.’ To prevent this hydrogen pickup 
it is necessary to avoid overheating the 
melt and to protect it from such sources of 
hydrogen as water. In spite of all pre- 
cautions, it is sometimes necessary to 
extract hydrogen from the melt just before 
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pouring by bubbling with a gas such as 
chlorine or nitrogen. 

Recently it has been found that some- 
what similar effects are possible with 
magnesium alloys, in that the presence of 
hydrogen can induce or aggravate micro- 
porosity.4~* This paper is primarily con- 
cerned with a presentation of some facts 
concerning the solubility of hydrogen in 
magnesium and its alloys, with some dis- 
cussion of the significance of these facts 
in a practical sense. 

In any study of gas-metal systems it is 
important to bear in mind a clear dis- 
tinction between adsorption on surfaces 
and absorption within the lattice.t Con- 
siderable attention has been directed 
toward determining whether hydrogen is 
truly soluble in any solid metal, or whether 
the gas extracted from a sample was 
present at surfaces (external and internal) 
only.’ Most present day evidence supports 
the idea of true solution in addition to 
adsorption. 

A second important factor when dealing 
with gas solubility is the dependence of 
such solubility on external pressure. For 
diatomic gases such as Hz, solubility in 
both liquid and solid metals apparently 
is proportional to the square root of the 
pressure, indicating a breakdown to a 
monatomic gas before diffusion into the 
lattice.2 For true equilibrium values of 
solubility, therefore, the pressure at the 
metal surface must be constant and, 
preferably, known. — 

Very little has been published con- 
cerning the hydrogen-magnesium system. 
Winterhager has presented the most 
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complete data,® indicating that there is a 
relatively high solubility of hydrogen in 
solid magnesium at the melting point. 
Experimental difficulties associated with 
the high vapor pressure of magnesium 
under extraction conditions have dis- 
couraged more extensive study of the 
system.* 


EXPERIMENTAL METHOD 


A recent paper by one of us presented 
four methods of determining the hydrogen 
content of a magnesium sample.® Briefly, 
they are: (1) extraction of hydrogen from 
molten magnesium by bubbling helium 
through the melt and analyzing the 
effluent gas for hydrogen: (2) extraction 
of all gas by rapid pumping during a 
vacuum sublimation of a magnesium 
sample and analysis of the gases so ob- 
tained: (3) complete combustion of a 
magnesium sample and analysis for H,O 
to determine hydrogen content: and 
(4) bombardment of a magnesium sample 
by ions in an evacuated space. This results 
in a gas evolution which can be analyzed 
for hydrogen. 

For details of the methods and dis- 
cussion of the accuracies for each method 
reference should be made to the former 
paper. Sufficient check analyses have been 
made for duplicate samples using all 
four methods to indicate an average 
accuracy of +15 per cent of reported 
hydrogen values. Unless otherwise noted, 
values reported in this paper were obtained 
by use of the vacuum sublimation method, 
as this is the most rapid and convenient 
of the four techniques. 

It was early found that both water and 
hydrogen can be extracted from a mag- 
nesium sample held considerably below 
its melting point. This effect was investi- 
gated by passing helium over solid, heated 
metal. The observations made in_ this 
way were confirmed by a few direct 
measurements on sheet samples with the 
McBain type of microbalance. Water is 
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evolved from the sample at temperatures 
up to 420°C. Between 420° and 440°C a 
mixture of water and hydrogen is given off. 
Above 440°C, hydrogen alone is released, 
but its evolution is of short duration. 
About 440°C seems to represent a critical 
temperature where Mg(OH)2 can no 
longer exist on the surface of Mg without 
chemical decomposition to MgO and 
H,O. At lower temperatures, the adsorp- 
tion-of-water process seems to be some- 
what reversible. This behavior was noted 
also by A. Klyachko for Al,O3.2H,O on 
aluminum.!4 Hydrogen is again evolved 
just below the melting point. The amount 
of water and hydrogen extracted at these 
lower temperatures is proportional to 
surface area, representing about 0.0001 
to 0.005 grams H,O per sq cm of surface 
area. After melting, the amount of hydro- 
gen evolved is proportional to sample 
weight rather than area. It is concluded 
therefore that the low-temperature release 
of water and hydrogen is the result of 
desorption from the surface layers while 
the evolution of hydrogen from just 
below or above the melting point is 
release of absorbed hydrogen. This is in 
agreement with previous statements with 
respect to other systems.?!4 In this study 
we were interested primarily in absorbed 
rather than adsorbed hydrogen, therefore 
the surface film was removed before 
analysis. This can be done either by 
abrading under benzene immediately before 
analysis (the usual technique) or by 
heating the sample above 440°C until 
no more evolution of gas can be observed. 


EXPERIMENTAL RESULTS 
Location. of the Hydrogen 


The evidence reported in the previous 
section indicates that some hydrogen can 
enter the solid lattice of magnesium as 
a true solution. Since, however, it has 
been sometimes suggested that a gas 
such as hydrogen can exist in the interior 
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of a metal specimen only at internal sur- 
faces such as grain boundaries,’ this 
point was checked to determine whether 
the apparent absorption is true solution 
or merely adsorption on internal surfaces. 


TABLE 1.—Analyses of Hydrogen Extracted 
from Dowmetal M Alloy* of Varying Grain 


Size 
AVERAGE GRAIN He PER 100 GRAMS 
DIAMETER, IN. METAL, cc 
Single crystal 24 
0.25 24 
0.08 17 
0.06 19 


0.01 
«Mg + 1.5 per cent Mn. 


‘Table 1 presents data obtained for 
samples of an alloy of varying grain size 
containing Mg++ 1.5 per cent Mn. The 
results clearly show that there is no pre- 
ferential migration of hydrogen to grain 
boundaries. Some substantiation of this 
conclusion was obtained by use of the 
ion-bombardment method of determining 
gas contents.® In these tests the rate of 
“extraction of both Hz and Ny, was slow 
as compared with that for CO. In addition, 
it was found necessary to bombard the 
sample several times, with a few hours 
rest interval between bombardments in 
order to effect complete Hz removal. 
These two observations argue for a 
diffusion limitation on the extraction, 
which is consistent with the solubility 
hypothesis. The contrary in the case of 
extraction is observed for the oxides of 
carbon, where theory indicates that actual 
solid-state solubility is improbable. 

To further check the relation between 
hydrogen and magnesium, the electrical 
conductivity as a function of hydrogen 
content was determined for an alloy. A 
gas-free sample of an alloy of Mg + Io per 
cent Al + 0.2 per cent Mn + 1.7 per cent 
Zn was prepared by melting the con- 
densate of a vacuum sublimation analysis 
to a small slug 144 in. in diameter by 
34 in. long. Combustion analyses of these 
‘slugs showed them to be free of hydrogen. 
‘The conductivity of one of these was 
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measured, after which the sample was 
exposed to the normal atmosphere for a 
period of time. It will be shown below 
(Table 2) that this exposure results in 
addition of hydrogen to the magnesium 
lattice. The resultant changes in con- 
ductivity are shown in Fig. 1. The last 
point in Fig. 1 was measured after the 
specimen was immersed 4 hr. as a cathode 
in an alkaline solution. This always results 
in saturation with hydrogen (see Table 2). 

The unexpected initial rise in the curve 
of Fig. 1 has not been explained. The 
possibility of precipitation of a second 
phase during initial gassing could not be 
confirmed with either the electron or 
light microscopes. 

A second slug of hydrogen-free metal 
was used to determine the effect of hydro- 
gen on the lattice parameters of magnesium. 
In the gas-free condition the values for 
this alloy were: 


a = 3.1682 , an 0.0008 , 
Co = 5.151, = Pets 


c/a 


6 
I aS. 


After saturating with gas by the 4-hr. 
cathodic treatment the parameters had 
changed to: 


a = 3.1705 . a5 900075 
Co = 5.156, Bia oer, 
Ca —=t.620 
/ 3 


The change is significant, and is in the 
direction of increasing the lattice dimen- 
sions. The only way hydrogen can accom- 
plish this is by dissolving interstitially. 

The data lead to the conclusion that 
hydrogen dissolves in magnesium to form 
an interstitial solid solution. 


Addition of Hydrogen to Magnesium 


Methods by which hydrogen can be 
introduced into the magnesium lattice 
are of interest from both the theoretical 
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and practical standpoint. Some typical 
data on this point are presented in Table 2. 
Hydrogen may be introduced into molten 
metal by contact with molecular hydrogen 
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ment in moist air results in hydrogen 
pickup. Note again the recurrence of the 
same final value for composition 2. The 
specimens heat-treated close to the melting 
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Fic. 1.— EFFECT OF ATMOSPHERIC EXPOSURE ON ELECTRICAL CONDUCTIVITY OF A Mg-Al-Zn ALtoy. 
Such exposure results in the addition of hydrogen to the magnesium lattice. 


or by contact with moisture. The con- 
stancy of the value obtained for the 
closely similar compositions 2 and 2A 
under different exposure conditions is 
suggestive of a tendency toward a specific 
value. 

Table 2 shows further that hydrogen 
may be easily introduced into solid mag- 
nesium. Simple atmospheric exposure for 
as little as one day is sufficient to introduce 
rather large quantities of gas. It should 
be again noted that these values are 
obtained after careful removal of, any 
surface film that may be formed and 
therefore are representative of the solid 
solution of hydrogen in the alloys. These 
data should be compared with Fig. 1 for a 
clearer understanding of the meaning of 
that figure. ; 

As would be expected from the exposure 
results at room temperature, heat-treat- 


point lost hydrogen during the treatment, 
which is in agreement with the helium 
extraction experiments described earlier. 

It is well known that pickling a metal 
in an acid, or subjecting it to electrolysis 
will cause solution of hydrogen in many 
metals."! This is essentially a technique 
for creating a large supply of hydrogen 
ions or atoms at the metal surface. Thus, 
solution of hydrogen becomes limited by 
the diffusion rate into the metal rather 
than by the rate of decomposition of 
molecular to atomic -hydrogen. Smithells 
has estimated! that a current density of 
I amp per sq cm supplies enough atomic 
hydrogen at the surface of platinum to be 
equivalent to a molecular pressure of 
about 17,000 psi. Therefore both a high 
rate of solution and a high value of solu- 
bility are to be expected as a result of 
pickling. Results for magnesium, as shown 
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in Table 2, are in line with those for other 
metals. Note once again the similar values 
obtained for the alloys containing about 
6 per cent Al + 3 per cent Zn. The per- 
sistence of this value under a wide variety 
of addition methods is striking enough to 
argue for a constant solubility figure 
insensitive to any clearly definable pressure 
of hydrogen. This same value has been 
found in large numbers of specimens 
derived from a wide variety of sources. 


TABLE 2.—Effect of Atmosphere on the 
Hydrogen Content of Magnesium and 
Magnesium Alloys 


He per 100 
Grams Metal, 
ee CC 
Treatment posi- 
tion 
Initial} Final 
Molten metal: 
Freezing in H2 atmosphere. . Tr a<a 24 
Bubbling He through melt, { 2 7 13 
pouring. 2A | 6 15 
Melting under flux, pouring. { SA > 
Solid metal: 
Indoor winter exposure (4 
a) esas alee vera ae itches co eee Guys I Ui) Il 
Outdoor winter exposure 
(CPD ke ie Aaa ee ee I 3 27 
Indoor summer exposure 
(oidays)\. ic... eines es Ten CoA 24 
Furnace treatment in moist 
air: 
PSR TICLE SLOO Gx wears) sexta, vomh.9) 5" 2A 6 ne) 
SUES Ab. LOO CS shereraeeclcs 2 7 13 
12 hrat 730°F. (normal HT) &3 10.7.1) 1550, 
12 hr just below solidus... . 3 TSioL hae. 
12 hr just above solidus.... 3 20.4 | 10.8 
Pickling: 
t hr in t molar HC1: 
DNS EASE eat teyataintels" b:000) «amet { im Z = 
As heat-treated.......... 3 £5,.0 | 20.4 
Stexbriided 26 95 srwepeleivns e z ro.7} 15.0 
t hr cathodic cleaning at 
25°C at current density of 
A4o.amp per sq ft......... 3 LOaget Foot 


1 hr cathodic cleaning at 
95°C at current density 
of 40 amp per sq ft...... 3 


TO.7 | 14.8 


@Compositions used: (1) pure magnesium; (2) 
Mg-5.7 % Al-2.7% Zn-0.23% Mn; (2A) Mg-6.1% 
Al-3.1 % Zn-0.33 % Mn; (3) Mg-s.5 % Al-2.5 % Zn. 


Removal of Hydrogen from Magnesium 


It is as important to know methods of 


removing hydrogen from a metal as to 


know in what ways it may be introduced. 
A well-known and widely used method 
for removing hydrogen from molten metals 
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is by passing a gas such as chlorine, 
nitrogen or helium through the melt.! 
Since the solubility of hydrogen in molten 
metal is a function of pressure, the action 
of the gas is to sweep out the dissolved 
hydrogen. Bobalek and Shrader? showed 
that helium bubbled through a magnesium 
melt under laboratory controlled condi- 
tions will remove at least 90 per cent of 
the absorbed hydrogen. 


TABLE 3.—Degassing of H Alloy with 
Chlorine and Helium 


He per 100 


Clz per Lb Mg, Grams Metal 
Lb C ' 


Cle per Lb Mg, 
Cu Ft 


to) 12 ts) 
0.019 9 0,103 
0.028 Fi 0.15 
0.033 7 0.178 
0.057 7 0.308 
0.085 6 0.458 
0.114 4 0.615 
0.142 2 0.767 
0.171 7 0.925 
0.200 Zi 1.08 


He per Lb Mg, Sea He per Lb Mg, 
Lb (ore! Cu Ft 
to) 16 (a) 
0.00057 18 0.055 
0.00087 17 0.085 
0.00172 1 0.169 
0.00231 7 0.227 
0.00293 bao) 0.286 
0.00321 10 0.315 
0.00412 7) 0.403 
0.005 8 0.490 
0.0059 8 0.579 


For this work, the effect of both helium 
and chlorine were studied on a somewhat 
larger scale. Sixty pounds of Dowmetal H 
alloy (Mg + 6 per cent Al + 3 per cent 
Zn + 0.2 per cent Mn) were melted in an 
iron crucible under the usual commercial 
flux cover. In one case helium was intro- 
duced into the melt through a graphite 
tube; in the second case chlorine was 
bubbled through. The rate of addition of 
both gases was measured and samples 
were .taken periodically for analysis. 
The sampling was done by sucking a pencil 
of metal up into a graphite tube immersed 
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below the melt level, by which means 
very rapid freezing of the molten metal 
was obtained. However, in spite of this 
rapidity, when the amount of gas in the 
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solubility limit. The constant, low value 
does not agree with the laboratory results 
reported in the previous paper.’ This 
must be due to establishment of a dynamic 
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Fic. 2.—EXTRACTION OF HYDROGEN FROM SIXTY-POUND MELTS OF DOWMETAL H ALLOY WITH 
CHLORINE AND HELIUM. 
The metal was maintained at 1400°F. under a flux cover open to a normal foundry atmosphere 


liquid exceeded that which can be re- 
tained in the solid, blowholes connecting 
to the surface were found in the sample. 
Thus, until the hydrogen content of the 
melt was reduced to the solid solubility, 
constant analyses equal to the solid solu- 
bility were obtained. After this point was 
reached, there was a reduction in hydrogen 
content below the solid solubility limit. 
Results of two runs are given in Table 3. 
These results, together with those of an 
additional run with chlorine, are plotted 
in Fig. 2. 

In the helium run and one of the chlorine 
runs there is an initial constant analysis, 
then a linear decrease followed by a con- 
stant, low analysis. The initial level is 
due, as noted above, to evolution and 
escape of all gas in excess of the solid 


equilibrium between escape of hydrogen 
through the added gas and addition of 
hydrogen from the atmosphere (moisture, 
flux) under the particular conditions of 
these experiments. Since these conditions 
are quite typical of normal foundry opera- 
tion, it is seemingly difficult to get a 
commercial melt of magnesium alloy 
below the Hg level indicated in Fig. 2. 

Correlated work with the effects of H, 
on the incidence of porosity in magnesium 
alloys® has shown that once the hydrogen 
content is reduced to the solid solubility 
limit, a test casting poured from the melt 
is not subject to porosity. In other words, 
complete degassing is not always essential 
to the casting of sound metal. This is in 
agreement with some reported results on 
aluminum alloys.? 
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The rate of extraction of hydrogen is 
about the same for both helium and 
chlorine (Fig. 2). This is an indication 
that chlorine extraction is dependent only 
on the physical process of diffusion, with no 
additional chemical effects as has been 
suggested previously. However, in the 
practical sense, chlorine will ‘“degas”’ 
a magnesium melt more rapidly than 
helium, because it may be added at a 
rate of 0.0058 cu ft per min, while helium 
may be added at a rate of only 0.0033 cu 
ft per min. The limiting factor in both 
cases is splashing of the molten metal 
as the rate becomes excessive. The reaction 
of Cle with Mg to produce MgCl: seems 
to have a quieting effect on this splashing. 
Thus, since according to Fig. 2 both 
helium and chlorine extract hydrogen 
at the same rate, the act of degassing 
can be accomplished more rapidly in the 
foundry with chlorine than with helium. 
The more rapid rate with which chlorine 
will remove porosity from a test casting 
as compared to helium® may also be 
related to removal of oxides by chlorine. 
It has been shown® that O2 added to a 
magnesium melt will result in a greater 
incidence of porosity in a test casting 
poured from that melt. Addition of Cle 
results in formation of MgCl, which is a 
known scavenger for MgO, and does in fact 
result in removal of porosity from the 
test casting. Previously reported®® results 
show that water added to a magnesium 


‘melt causes a more rapid incidence of 


porosity in a test casting than does dry 
molecular hydrogen. This may be due in 
part to simultaneous addition of oxygen 
with hydrogen and the more rapid removal 
of that porosity tendency by chlorine as 
compared with helium may be due in 
part to removal of oxides as well as 
hydrogen. A full discussion of the practical 
use of chlorine appears elsewhere.®»*!? 
Two further methods of removing; 
hydrogen from magnesium are reported 
by Bobalek and Shrader.® Sublimation and 
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recondensing in a vacuum removes at 
least 90 per cent of contained hydrogen 
and ionic bombardment removes 70 to 
80 per cent of absorbed hydrogen. These 
results are based on a combustion analysis 
of samples degassed in these two ways. 

Also, as noted in Table 2, holding just 
below or just above the freezing point 
will cause removal of gas. 


Effect of Heat-treatment 


The phase distribution of a metal 
has been shown to influence the solu- 
bility of hydrogen.*:!% This possibility 


TABLE 4.—Effect of Thermal Treatment 
on Hydrogen Content of Magnesium Alloys 


oe He per 100 Grams Metal, CC 
Sam- 
ple Pre- | Hours 
No. As Heat-| cipita-| for 
Al} Zn | Mn Caste | treat- tion | Pre- 
ed@> | Treat-| cipita- 
ede | tion 
I Tee bee eo 16 21 
2 She eae Onesie 4: 23 
3 BO | 24O10..5 I4 21 
4 6420-30 O..2 21 16 100 
5 TA 2), 24 9 100 
6 8.4 | 0.7|0.2 25 II 100 
7 SLA [at O)0..2 24 25 48 
8 Oot esee 17 18 13 48 
Or 384 23 24¢ 355 


—————eeEeeSeSeSEeSeSeeeee 


a Measured after pickling each sample in HCl. 

b Heat-treated at a time and temperature sufficient 
in each case to obtain a single-phase material. 

¢ Held for the indicated number of hours at 392°F. 
This results in a precipitation of compound from 
supersaturated solid solution. 

4 This composition is a single phase at 392°F, 
hence no precipitation occurs during this treatment. 

e All aged samples were analyzed after the thermal 
treatment without pickling. 
was checked for magnesium alloys with 
results as given in Table 4. As-cast metal 
of these compositions consists of two or 
three phases; alpha Mg, MgizAli, and 
Mg;Al:Zn3. After heat-treatment, there 
remains but one phase: alpha Mg. Sub- 
sequent aging at low temperature results 
in precipitation of the Mgi7Ali2 compound, 
causing the reappearance of two phases. 
Each sample of as-cast and of heat-treated 
metal was pickled in a 1 molar solution of 


hydrochloric acid to assure reproducible 
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results. The aged samples were not pickled 
after aging in order to determine any 
loss that occurred without confusing the 
data with an intermediate pickle. 

In general.a single-phase system has 
higher tolerance for hydrogen than the 
duplex phase material. Heat-treatment 
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line with other metals for which it has been 
found that absorption of hydrogen in- 
creases or decreases (though not neces- 
sarily by the law of mixtures) with a 
second constituent of an alloy according 
to the capacity of that constituent for 
absorbing hydrogen." 


TABLE 5.—Effect of Alloy Additions of ‘Aluminum and/or Zinc on Solubility of Hydrogen 


in Magnesium 
AVERAGE VALUES OF HYDROGEN CONTENT FOR GROUPS OF RANGES OF ALLOY COMPOSITIONS 


SHT Alloys 


As-cast Alloys 


PEnCant Sia yith He per 100 Grams Metal, CC Hz per 100 Grams Metal, CC 

ga ystem 
Average ae Number of Average Number of 
Value Alloys Value “f Alloys 

0-2 Mg, Al 25 +3.6 7 22 +T-4 6 

Mg, Zn 21 +0.0 2 ° 

Mg, Al, Zn to) 

2-4 Mg, Al 25 +3.0 3 ° 

Mg, Zn 20 + 0710 2 ° 

Mg, Al, Zn 19 aap ae) 3 13 +46 4 

4-6 g, Al 21 S29 5 17 27.58 2 

Mg, Al, Zn 20 pk Ee | 3 12 +3.6 5 

6-8 g, Al 21 Ende 4 13 I 

Mg, Al, Zn 20 Bk A) 4 12 +1.8 8 

8-10 g, Al 2I +1.0 2 ‘ ° 

Mg, Al, Zn 22 = 5 15 may ot) 2 

10-12 Mg, Al 22 I 9 I 

Mg, Al, Zn te) ° 

I2-14 g, Al 19 I 7 I 

Mg, Al, Zn 16 I ° 


@ It is assumed that the average values for each allo 
in a manner that is described by the normal distributi 
search Workers, 43. Edinburgh, 1944. Oliver and Boyd, Ltd. The standard 


s approximated by o2 = Pree 


(i.e., number of alloys in the group), the average H 
content of all the alloys in the designated group. T 


increases the amount of gas that can be 
introduced and subsequent aging results 
in an evolution back to approximately 
the as-cast value. That the evolution 
during the aging treatment is due to the 
phase changes occurring, and not simply 
to a thermal out-gassing, is shown by 
specimen No. 9. This composition is a 
single phase at the aging as well as at 
higher temperatures. Prolonged holding 
of this sample at 390°F did not cause any 
loss of hydrogen. 

It will be shown later that Mgy7Alj. 
has a lower solubility for hydrogen than 
alpha Mg. These results therefore are in 


y are distributed about the average value for the group 
On curve; see R. A. Fisher: Statistical Methods for Re- 


variance of the results in each group 


Z(x — u)?, where n, x, and u are respectively the number of observations 


2 content for one alloy of the group, and the average He 


he grouping is made in intervals of 
Al + Zn in each of the classes representing the as-cast and heat-treated alloys. 


2 atomic per cent of 


Effect of Composition 


Since most commercial 
base alloys are within the Mg-Al-Zn 
system, these alloys were studied ex- 
tensively to determine differences 
hydrogen absorption due to composition. 
Table 5 summarizes the results obtained 
on a number of binary and ternary alloys 
within this system. The results are also 
plotted in Fig. 3. As noted in the preceding 
section, there is more tolerance for hydro- 
gen in the heat-treated than in the as-cast 
condition. Binary aluminum alloys in the 
heat-treated state show an initial rise 
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leading to a maximum at 1 to 3 per cent Al, 
which is interesting and puzzling. 

Because of the interest in aluminum 
additions to magnesium, 


of the points in the center of the diagram 
are chosen so as to represent the com- 
pounds that exist between Mg and Al. 
The surprising result is a linear relation 


the hydrogen 
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FIG. 3. ee OF ADDITION OF ALUMINUM AND/OR ZINC ON HYDROGEN CONTENT OF MAGNESIUM. 
Broken lines indicate a greater uncertainty because the points in that composition range are 

described by fewer data than those in the ranges indicated by the full lines of the curves. The 

points are set midway in each class division of 2 atomic per cent. The number beside the point 

represents the number of alloys analyzed in this class division. 
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e Mg Al Zn TERNARY ALLOYS (HT) 
® Mg Al Zn TERNARY ALLOYS (AC) 
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© AV. RESULT FOR HT ALLOYS 
@ AV. RESULT FOR BOTH AC AND HT ALLOYS 
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Fic. 4.—-SOLUBILITY OF HYDROGEN IN BINARY Mg-Al ALLoys. 


solubility of a series of binary Mg-Al 
alloys from o to 80 per cent Al was studied. 
The results are given in Fig. 4. Several 


with no discontinuities at compositions 
representing intermetallic compounds. Ap- 
parently the hydrogen solubility obeys 
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TABLE 6.—Hydrogen Content of Heat-treated 
Binary: Alloys of Magnesium with Various 
Elements 


eat- Hydrogen per 


treatment, 100 Grams of 
deg C Metal, CC 

Alloying Element, | Tem- | Tem- 

Weight Per Cent pera- | pera-| Arter | After 
ees thre | Ht. 16 |Ht. IIe 
72hr| 24 hr 

Silver: 
482 41o | 38 42 
482 410 | 39 54 
466 | 410 | 30 49 
466 410 | 37 39 
466 410 | 36 38 
466 410 | 38 54 
466 410 | 28 27 
35 43 
+4.4 +9.8 
510 | 410 | 24 39 
510 410 | 31 42 
510 | 410 | 42 54 
510 410 | 33 43 
DZS Ss SOR eee 510 410 | 35 49 
Average 5-23....... 33 43 
Standard variance. . +6.6 £643 
Indium: 
275. ° 470 4Io | 28 
"5 O%.s 470 410 | 24 
CR Mompio doar 470 410 | 30 
Te Shaceuies ree 470 410 | 20 
Average 2-I4....... 2544.5 
filet 
Di Seon these cee 538 410 | 43 67 
By Laicate ey eta 538 410 | 57 86 
COBY ec 538 410 | 40 70 
EGic Anwar ubskene on 538 410 | 39 59 
Average I-16....... 45 q1 
Standard variance. . +8.4 +11 
Mercury: 
1 he SAC fae CH 410 | 19 47 
ES 427 4to | 18 40 
Bude ade <P arenes 427 4Io | 18 41 
GRO cite te Stewarts 427 410 | 19 38 
OST svodeee as tell @Aay 410 | 16 44 
Average I-7........ 18 42 
Standard variance. . +1.2 +3.6 
Lead: 
a Or 482 410 | 36 42 
hs Ota Fans ces oie 482 410 | 31 44 
10,1 482 410 | 32 42 
RAST Sesh nt 454 410 | 27 42 
OT AL Perit tiene An 454 410 | 27 51 
B0a Satna. seul easel 410 | 16 46 
Average 2-37....... 28 45 
Standard variance, . +6.9 +3.6 
Bismuth: 
2.1 538 410 | 43 54 
Be Sires eee ee 538 410 | 30 48 
Gi Sinp detects Sis 538 410 | 64 
YS ee ee VaR 538 410 | 46 
Average 2-7........ 46 51 
Standard variance. . +14 +4.3 


Thorium: 
oh rior Sa 


* Two samples from each alloy group were analyzed 
for hydrogen by the combustion method. The com- 
bustion data agree to +10 per cent with the extrac- 
tion data that are reported in this table. 

> The first heat-treatment provided at least 72 hr 
at the designated temperature; that is, a minimum 
of three 24 hr intervals with a water quench after 
each interval. The samples were analyzed more than 
18 months after this first cycle of heat-treatments 
had been completed. The second heat-treatment 


was air (relative humidity outside of the furnace was - 


about 85 per cent). The samples were polished and 
stored in a desiccator for less than 3 weeks before 
the analyses were completed following the second 
heat-treatment schedule. 
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a law of mixtures involving components 
rather than phases. Extrapolation to 
too per cent Al yields a value above zero 
but below 1 cc per too grams metal, which 
is in very good agreement with published 
results for aluminum.’ There may be a de- 
parture from linearity, of course, within 
the aluminum solid solution field similar 
to the departure within the magnesium 
solid solution. The scope of this work 
could not include investigation of this 
point. 


TABLE 7.—Effect of Minor Alloying Addi- 
tions on Hydrogen Content of H Alloy 


Addition Hz per 100 Grams Metal, CC 

7 a Pi Wes =: psi 
xtrude eat- treate 
Element | Per Cent Plus treated? Plus 

Pickle Pickle 
Au 0.38 18 19 16 
Ba 0.38 16 19 27 
Bi 0.60 13 16 33 
Ca 0.73 26 24 36 
Cd 0.72 10 14 18 
Ce? 1.62 16 x3 28 
Ge 0.44 II 13 21 
Hg 0.54 13 14 22 
In 0.54 13 12 18 
Pb 0.52 9 16 33 
Sn 0.90 14 20 290 
Sr 0.34 29 24 32 
LY 0.38 17 14 24 


° Mg-6 per cent Al-3 per cent Zn-0.25 per cent Mn. 

+ Mischmetal: 45 to 50 per cent Ce; 22 to 25 per 
cent La; 15 to 17 per cent Nd; 8 to 10 per cent balance 
rare earths. 

¢ Humid furnace atmosphere. Metal contained 
film of Mg(OH): prior to heat-treatment. The heat- 
treatment consisted of a 2-hr pretreatment of regu- 
larly raising the temperature from 640° to 730°F. 
followed by 16 hr at 730°F. The samples were air 
cooled. 

A number of binary systems were 
investigated throughout the magnesium 
solid solution field as reported in Table 6. 
For each of these the level of hydrogen 
tolerance is considerably above that for 
Mg and for Mg-Al or Mg-Zn solutions. 
In a few cases there is indication of a 
maximum such as occurs in the Mg-Al 
binary system. Although there is no clear 
trend of solubility with position of the 
added element in the periodic table, a 
very slight tendency for solubility to 
increase as the group number increases 


is evident. 
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Since these high results were obtained 
for binary magnesium alloys, the effect 
of minor additions on a standard Mg-Al-Zn 
alloy was studied as reported in Table 7. 
Many of these elements do markedly 
change the solubility figures, though not 
with a one to one correlation with the 
results given in Table 6. With the exception 
of calcium and strontium additions, no 
other trace element is effective in markedly 


271 


sheet. Each alloy was divided into two 
batches. One was tested as received, the 
other nondestructively degassed by ion 
bombardment and then tested. Analysis 
for hydrogen was made on each batch. 
Results as presented in Table 8 show no 
effect of hydrogen on mechanical proper- 
ties. The temperature of degassing was 
insufficient to induce heat-treating effects 
that could be detected microscopically. 


TABLE 8.—Effect of Varying Gas Contents on Mechanical Properties of Dowmetal Ma 


and J-la Sheet+-« 


Elongation, Hardness- 
eee Moni ere ope Lb. per Per Cent per Rockwell 
Y In: I5-T Num- 
Alloy No. Alloy ber of 
Type co 7 aoe 
Yield |Yield| Tensile | T2?- ested 
Ha a N2 (Avg) = (Avg) ae Avg. o Avg. o 
A Ma? 24 3.71 -@s £367 At T28ie35-0 140.6) £873 10771 — 6 +1 8 
B Ma® 6 |<0.5| 2.9 TAS 7 ee Onde S45 al tOe Ol) LOn5 e010) 2 OL +0 4 
(A minus B) Ma? rS| <3 0.0 | (—1I.0) (0.5) (—0.2) (0) 
(ca? + ob?) | Mab (41.8) (+0.6) (+0.9) (+1) 
A J-1a*| 17 2.5) 2.7 BAL ANAT 20|eet4 3) Oy On 7h MiT2a[ a e.S|) 73 sont II 
B J-1a¢ Sie Ons | 2a 23.0 |/+£0.3| -42.0 |+0.2) 17.0 |/+0.0} 60 Beit 4 
(A minus B) J-1a¢ 12. \>2 0.0 (1.3) (1.6) (0.2) 4 
(Vea? + ob?) | J-1ae (1.0) (40.7) (+1 38) (+1.4) 


«Test bars were cut from 0.033-in. sheet (longitudinal direction). The test bars were 3.25 in. long with 
1.75 X 0.50 in reduced section. The precision measure for the averages of the measured properties is expressed 


ie awe, eh ak aes 


as the standard deviation a, as defined in the footnote of Table 5. 


b Mg-1.5 per cent Mn. 
* Mg-6 per cent Al-1 per cent Zn-o.2 per cent Mn. 


increasing the hydrogen saturation limit 
of as-cast H alloy. This seems to discourage 
the possibility of approaching the porosity 
problem by increasing the tolerance for 
hydrogen of the metal. 


Effect on Mechanical Properties 


Hydrogen in metals such as steel and 
copper can exert a major effect on the 
mechanical properties of those metals. 
Since relatively large quantities are present 
in magnesium alloys, it is pertinent to 


ask how these quantities affect mechanical 


properties. 

The ionic bombardment method de- 
scribed previously offers a convenient 
technique for attacking this problem. A 
number of bars of two commercial wrought 
alloys were obtained from 0.033-in. thick 


. 


Liquid Solubility 


The consistent and accurate measure- 
ment of the solubility of hydrogen in 
molten magnesium and its alloys still 
remains as a largely unsolved experimental 
problem. The first attempt to approximate 
such data was made by Winterhager,® 
who attempted to quench samples of a 
hydrogen-saturated melt, and estimate 
the liquid solubility by an analysis of the 
solid metal. Similar trials were made 
in this laboratory for Dowmetal H alloy. 
These experiments established conclusively 
the fact that the diffusion rate of hydrogen 
at the melting point of the metal is too 
rapid to allow the use of the quenching 
technique for the estimation of the liquid 
solubility when the melt contains hydrogen 
in excess of the solid solubility limit. 
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Even after a rapid quench, excess gas 
was released to form large ‘“‘blowholes”’ 
in the sample ingot. Where these “blow- 
holes” were vented by a rupture of the 
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of Winterhager® suggests that his exper- 
iences with pure magnesium were similar 
to these observations for Dowmetal H 
alloy. These data are not entirely without 
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Fic. 5.—APPARATUS FOR SAMPLING HYDROGEN RELEASED IN FREEZING OF MOLTEN METAL. 


chill-cast outer skin of the ingot, the 
analysis of the metal showed a hydrogen 
content equal to the saturation limit 
characteristic of that alloy. In the few 
instances where the outer skin was not 
broken, the released hydrogen was sealed 
into the large voids within the ingot, and 
the analytical content of this gas was 
often more than double the expected 
value for that alloy. An examination of the 
random scattering of the analytical results 


value, for the maximum hydrogen content 
measured in the quenched samples that 
contained the sealed voids must set at 
least minimum values for the liquid solu- 
bility. For both pure magnesium and 
Dowmetal H alloy, the liquid solubility 
of hydrogen at 800°C. (and at one at- 
mosphere pressure of hydrogen) is at 
least 23 to 35 cc per 100 grams of metal. 
The solid solubility limits for pure mag- 
nesium and as-cast H alloy are respec- 
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tively 22 and 14 cc per 100 grams of metal. 
For an equivalent amount of gassing of the 
liquid metal, the quantity of hydrogen 
released in the solidification of the alloys 
would be greater than for pure magnesium. 

Another technique was tried to confirm 
the approximations indicated by the 
maximum quench values for the liquid 
solubility of hydrogen. The procedure 
“involved the pouring of molten metal 
into a crucible contained in a bomb that 
could be sealed off from the atmosphere 
during the time of solidification of the 
metal. 

Fig. 5 shows a diagram of the sampling 
bomb, which consists of an outer vessel 
made of a steel furnace tube containing 
a graphite crucible and fitted with valves 
for admitting and withdrawing helium 
or some other inert gas. After the furnace 
and inner walls of the bomb has been dried 
thoroughly by heating to 650°C (while 
helium is flowing through the bomb) a 
hot funnel is inserted through the open 
gate valve and molten metal is poured 
into the crucible. After the funnel has 
been withdrawn, the two valves are 
closed, and the molten metal is frozen by 
cooling of the contained inert gas in the 
bomb, which provides conditions in which 
the metal actually solidifies at a pressure 
reduced from atmospheric. 

To determine the evolved gases, the 


atmosphere within the cold bomb is 


displaced by a flow of helium through a 
hydrogen combustion and water-absorption 
train. 

The addition of a little beryllium to the 
molten metal minimizes any trouble from 
burning when the metal is poured into 
the bomb through the constriction of the 
funnel. 

Some successful measurements 
made using this technique before the 
method was discontinued. For applications 
requiring extensive sampling, the procedure 
is not practical because of the limitations 


were 


of the gas analysis. It was found that 


. 
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40 to 50 hr of extraction time was required 
to displace the released free hydrogen 
from the system, possibly because of the 
slow diffusion of gas from the voids in 
the metal into the helium gas stream. 
If the procedure could be modified to 
minimize this difficulty, the method could 
have a more extensive application. 

Three samples were poured from alloy 
melts that had been gassed by stirring 
with hydrated flux at 800°C, with the 
following results: 


He per 100 Grams 
etal, 


Dowmetal Alloy 


Re- Re- 


leased | tained Total 


H (Mg +6%Al+3%Zn) | 25 8 33 
C(Mg+o9%Al+2%Zn) | 22 II 33 
Cc 22 12 34 


The results for total hydrogen do not 
differ greatly from the maximum quench 
values for both pure magnesium and 
Dowmetal H alloy. Since the quench 
values were obtained in H,-saturated 
melts rather than those saturated by 
using H,O in wet flux, it would seem that 
the saturation of a melt with water (wet 
flux) or with H» produces nearly equivalent 
hydrogen concentrations. The greater in- 
fluence of HO on porosity may be due to 
the increase of MgO as discussed above. 
The results for the retained hydrogen are 
not as high as usually are observed in 
nonporous samples quenched from melts 
containing excess hydrogen. In contrast 
with the quenched samples, the metal 
in the bomb was cooled very slowly (being 
held for more than an hour at temperatures 
no less than 50°C below the melting point) 
in an atmosphere of helium at a reduced 
pressure (0.5 to 0.7 atmosphere). A 
limited rate of extraction of hydrogen at 
high temperatures from solid metal was 
observed also in the course of the helium 
extraction measurements discussed previ- 


ously. 
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SUMMARY 


The term ‘‘solubility” as used in this 
paper does not necessarily refer to an 
equilibrium condition in the usual sense 
of the word. No systematic attempt was 
made to determine the influence of hydro- 
gen pressure on the amount of gas that 
would enter the lattice. Instead, tech- 
niques were used to give reproducible 
results for hydrogen content in duplicate 
metal samples. These techniques supplied 
ionic or atomic hydrogen at the metal 
surface. There is little doubt that such a 
procedure is equivalent to a very high 
pressure of molecular hydrogen. Since 
magnesium normally adsorbs water at 
room temperature with subsequent forma- 
tion of Mg(OH)s, the presence of ionic 
or atomic hydrogen on the surface is 
normal under atmospheric conditions. 
Hence, it is probable that the figures 
given for hydrogen content as a result of 
acid pickling represent final conditions 
for samples exposed to the atmosphere. 
That this is true is shown by values ob- 
tained for samples so treated. 

There is some evidence, however, for 
dependence of hydrogen solubility on 
pressure. The storage of degassed metal 
in a hydrogen-filled desiccator for as 
much as six months did not affect its 
hydrogen content. This same metal charged 
up with hydrogen readily when exposed 
for a couple of days to the normal, humid 
atmosphere. Conversely, when gassed and 
film-free alloy samples were stored in a 
desiccator some hydrogen was lost over a 
period of about a year. Heat-treatment of 
alloys above 440°C resulted usually in a 
loss of hydrogen, while heat-treatment of 
single-phase alloys below 400°C did not 
cause any evolution of hydrogen. Since 
Mg(OH)s is not stable above 440°C, while 
it is stable below 400°C, the effective hy- 
drogen concentration is quite different 
above and below these temperatures. All 
these observations point to a dependence 
of the solubility of hydrogen in magnesium 
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on pressure, providing presence of a poten- 
tial source of ionic or atomic hydrogen at 
the surface is assumed to be equivalent to 
high pressure. The quantitative depend- 
ence, however, cannot be estimated from 
the data. 

Results reported here correlate well 
with foundry observations concerning the 
role of hydrogen in casting magnesium 


alloys.4-§ It is observed in the foundry” 


that microporosity can be aggravated 
by the presence of hydrogen. Contact of a 
melt with molecular hydrogen, with 
moisture, or with hydrogen-containing 
compounds results in a larger incidence 


of microporosity in a casting poured from 


that melt. 

The data of this paper, considered 
together with the correlated work re- 
ported earlier,* show that the hydrogen 
principally responsible for increased ten- 
dency to porosity is that above the solid 
solubility. Reduction of hydrogen content 
to that level results in large advantage; 
reduction below that level results in 
increasingly minor advantage. It is not 
necessary to completely degas in the 
foundry to pour sound metal. However, 
it is necessary to reduce the gas content of 
the melt to that representing the solid 
solubility figure (about 15 cc He per 
100 grams metal) to minimize aggravation 
of porosity in the casting. This can be 
easily accomplished by 10 to 15 min of 
chlorine treatment.®:5!2 

In summary, the results of these in- 
vestigations show that hydrogen forms 
an interstitial solid solution with mag- 
nesium to the extent of 15 to 20 cc per 
100 grams of metal. This puts magnesium 
in the same group as nickel, iron, cobalt, 
copper or manganese. The solubility is 
sensitive to both alloy composition and 


phase distribution. The addition of most - 


elements to magnesium raises the tolerance 
for hydrogen; with the exception of 
aluminum, which first increases, then 


decreases the hydrogen solubility. No 


ee ee ee 


DISCUSSION 


measurable effect of hydrogen as an 
alloying agent has been found on the 
mechanical properties of magnesium alloys. 
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DISCUSSION 


E. M. SHerwoop*—I should like to ask 
about the amounts of nitrogen. : 


R. S. Busk (author’s reply)—Although 
not reported in this paper, nitrogen contents 
of magnesium alloys have been measured. 
Some of this work is reported by Bobalek 
and Shrader (ref 9 in the paper), who show 
that the average nitrogen content is about 


0.005 pct. 


* Sperry Gyroscope Co., Garden City, New 
York. 
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E. M. SHERwoop—They can be correlated; 
it is so small an amount. 


R. S. Busk—Nitrogen content has not been 
correlated with porosity. 


L. A. CARAPELLA*—Has any attempt been 
made to determine the quantity of hydrogen 
retained in these alloys after vigorous mechani- 
cal stirring? It has been my experience that 
vibrations produced by this operation promote 
degassing. Better results may be obtained, 
however, with high-frequency mechanical 
vibrations excited within the melt by external 
electromagnetic fields. Have the authors 
conducted any experimentation along this 
direction? 


R. S. Busx—Stirring is similar in result to 
standing, but more rapid. Standing in a dry 
atmosphere results in the removal of all 
hydrogen if the melt is held long enough. This 
has been demonstrated by passing dry helium 
over a melt, which reduced the hydrogen to 
less than 1 cc per 100 grams after a very long 
period. 


C. H. Samans}—I should like to ask about 
the relationship between the solubility of 
hydrogen and temperature. I am interested 
in whether the curve is smooth or has breaks 
in it. 

R, S. Busk—The information on the rela- 
tionship between temperature and the solu- 
bility of hydrogen is sketchy. We have no 
reason to suspect a break in the curve for 
magnesium. The dependence of hydrogen 
solubility on temperature in alloys might 
show a break as a phase boundary is crossed; 
such, for example, as the solid solubility 
line. 


MemsBer—Did you find that, essentially, 
hydrogen-free metal exhibited little shrinkage? 


R. S. Busk—Hydrogen-free metal is very 
much less apt to exhibit microshrinkage. In 
the practical sense such metal is free from 
trouble due to microshrinkage. However, 
porosity can still occur in completely hydrogen- 
free alloys. 


* Mellon Institute, University of Pittsburgh, 


Pennsylvania. 
+ American Co,, . Southbridge, 


Massachusetts, 


Optical 
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MeEmBER—That brings up the old question 
of microshrinkage versus microporosity, one 
being solidification phenomenon and one being 
a gas phenomenon. Are you considering them 
in the same light? 


R. S. Busk—The distinction I would make 
between microshrinkage and microporosity is 
this. Microporosity is a general term meaning 
small voids in the cast metal, whatever the 
source of those voids. Microshrinkage likewise 
means small voids but limits itself to voids 
that are produced as a result of the contraction 
of the melt upon freezing, without allowing 
complete feeding by remaining liquid metal. 
The role of hydrogen in magnesium alloys is 
that of aggravation of microshrinkage. As a 
void is formed by contraction, hydrogen gas 
diffuses into the space. Because the hole now 
contains hydrogen, liquid metal cannot feed 
into that space, and the porosity throughout 
the casting is increased over what it would be 
were no hydrogen present. 


L. C. CHanc*—Is the solid solubility of 
hydrogen in magnesium markedly affected by 
the presence of alloying elements? 


R. S$. Busx—It is very dependent on the 
alloying element. 


L. C. CHanc—Do you find any correlation 
between the solid solubility and the periodic 
nature of the alloying elements? 


R. S. Busk—We could not see too much of 
the correlation. 


L. K. Jetrer{—What effect, if any, does 
dissolved hydrogen have on the. workability 
of magnesium alloys? 


*Carnegie Institute of Technology, Pitts- 
burgh, Pennsylvania. 

ft Aluminum Company of America, New 
Kensington, Pennsylvania. 


HYDROGEN IN MAGNESIUM ALLOYS 


R. S. Busk—We have no evidence of any 
effect of hydrogen on the workability of mag- 
nesium alloys. 


Memser—Continuing Mr. Carapella’s re- 
marks, the advantage that you might obtain 
by freezing the metal and eliminating the 
hydrogen would be sustained, but you could 
not get it below the 15 pct that you mentioned. 


R. S. Busx—That is correct. However, in 
the practical sense of improving the porosity 
tendency characteristics, it is not necessary to 
go below the solid solubility limit. Fortunately, 
it is easy to lower the hydrogen content to 
that limit, one method being to freeze, then 
remelt. 


J. J. Naucuton*—Is there any evidence of 
hydrogen embrittlement of magnesium alloys? 
Can you achieve a higher than equilibrium 
hydrogen concentration by pickling or by any 
other treatment? 


R. S. Busk—There is no evidence of hy- 


drogen embrittlement of magnesium alloys. 


The equilibrium solubility of hydrogen un- 
doubtedly is dependent upon the hydrogen 
pressure. Pickling is a way of obtaining a very 
high effective pressure of hydrogen, therefore 
should result in a high concentration of 
hydrogen in the metal. It is, however, no 
higher than that obtained by simply exposing 
a piece of magnesium to normal atmosphere 
and allowing it to reach ‘‘equilibrium.”’ We 
believe that the hydrogen absorbed by atmos- 
pheric exposure is picked up by reaction of 
magnesium with water vapor to form mag- 
nesium hydroxide. The latter is then a source 
of hydrogen ions and represents as high an 
effective pressure as is obtained by pickling. 
There is thus no observed increase over 
“equilibrium values” of hydrogen by pickling. 


*General Electric Research Laboratory, 
Schenectady, New York. 
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A Process of Augmenting Cold-drawability of the Magnesium 
_+ 1.5 Per Cent Manganese Alloy 


By Louis A. CaRapeLia,* Mremper AIME, anp Wr111AM E. Saaw* 


(New York Meeting, March 1947) 


MAGNEstIvuM and its alloys have long been 
characterized as possessing limited capacity 
for mechanical forming at atmospheric 
temperatures prior to rupturing despite 
their outstanding performances in this 
respect at elevated temperatures. Respon- 
sible for this behavior are the fundamental 
facts that these hexagonal-type metals 
have comparatively few slip elements 


at low temperatures for any extensive 


deformation and that, at high tempera- 
tures, additional slip elements become 
operative, thus enhancing greater plasticity 
under strain. The transitional point has 
been set at 225°C by Schmid! for single 
crystals, and at 250°C by Morell and 
Hanawalt? for extruded magnesium metal. 
In a recent X-ray investigation on poly- 
crystalline magnesium-alloy sheets, Barrett 
and Haller? have revealed that, below 
the transitional temperature, the initial 
plastic deformation proceeds mostly by 
a twinning action; that, above such a 


4 temperature, the action is mostly by slip. 


The deep-drawing performance of the 
magnesium + 1.5 pct alloy sheett over 


Manuscript received at the office of the 
Institute Dec. 26, 1946. Issued as TP 2149 in 
Metrats TECHNOLOGY, April 1947. 

* Senior and Junior Fellows, respectively on 
the Multiple Magnesium Fellowship  sus- 
tained by the National Lead Company at 
Mellon. Institute of Industrial Research, 
Pittsburgh, Pennsylvania. 

+ Several designations are given to this 
alloy, i.e., AM3S (American Magnesium Corp.), 
Dow ‘‘M” (Dow Chemical Co.), ASTM No. 11 
(American Society for Testing Materials), and 
M-rAlloy (New Nomenclature). 

1 References are at the end of the paper. 


a wide range of temperatures has been 
investigated by Weber and Vanden Berg,‘ 
and their results are presented in Fig 1. 
It should be noted from this work that a 
maximum drawability of about 25— pct 
at room temperature has been obtained 
on this alloy under the conventional deep- 
drawing operations. For the same alloy, 
it is now possible to augment the cold 
drawability to about 40 pct by a process 
to be disclosed. Hitherto, this value has 
been obtained only by deep-drawing the 
alloy at around 230°C. 

That greater plastic flow is attainable 
at atmospheric temperatures on mag- 
nesium under certain deformational tech- 
niques was discovered by the authors 
in their analyses of plastic-deformational 
behaviors of pure magnesium. This fact 
is best illustrated in Fig 2 from the Har- 
greaves analysis® performed by the authors 
under two different modes of loading. For 
direct test, a separate unstrained specimen 
was used for each load duration, whereas 
for the integrated test the same specimen 
was employed for all the five intermittent 
loadings so that the load duration was 
made additive throughout the investiga- 
tion. The higher plastic flow-rate at room 
temperature, as designated by the Har- 
greaves constant S, was obtained by the 
integrated or intermittent loading pro- 
cedure. The authors’ in further tests 
showed that, under such a _ procedure 
greater plastic flow was also realized with 
a progressive increase in deformationel 
loads. These findings have been applied 
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Fic 1—DEep- DRAWING PERFORMANCE OF AM3S-O MAGNESIUM ALLOY AT VARIOUS TEMPERATURES. 
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FiG 2—INFLUENCE OF MODE OF LOADING ON THE HARGREAVES PLASTIC FLOW CONSTANT, S, FOR 
POLYCRYSTALLINE MAGNESIUM. 
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Fic 3—SALIENT FEATURES OF THE DEEP-DRAWING UNIT. 


successfully to the deep-drawing of the 
magnesium + 1.5 pct manganese alloy 
sheet at room temperature. 


EXPERIMENTAL DETAILS 


_ Equipment.—The salient features of 
the deep-drawing unit employed in this 


investigation are shown in Fig 3. The 
clearance between the die and punch was 
0.080 in. for a sheet having 0.072 in. 
thickness. The profile radii of both the 
punch bottom and die were approximately 
six and ten times the sheet thickness, 
respectively. A normal load of about 50 !b 
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was found satisfactory in holding the 
blanks down during the forming opera- 
tion. Under this setup little or no wrinkling 


was experienced. 


Saad 
cs 
i. 


Y WA 


| aa ii 

Ama a | 
Me We AR ALA I HI nell 
WU WT, chan 
WANA AE ALAR LAY 
CAAA EWI 


Bai KZN il 


PROCESS OF AUGMENTING COLD-DRAWABILITY OF MAGNESIUM ALLOY 


A lathe was employed in machining the 
blanks to various diameter sizes having © 
the original sheet thickness of 0.072 in. 
Except where 


its effect 


i 


TIME INCREMENTS JN MINUTES 


Fic 4—AUTOMATIC RECORDING OF A TYPICAL DEEP-DRAWING OPERATION UNDER INTERMITTENT 
PROCESS WITH A PUNCH TRAVEL OF 0.5 IPM. 


The punch or ram was driven at a con- 
stant rate of travel throughout the forming 
cycle in a Baldwin-Southwark hydraulic 
machine. A pacing dial was used to govern 
the speed of loading so as to attain a fixed- 
punch travel. 

Blank Material and Condition.—Blanks 
were prepared from AM 3S-O magnesium- 
alloy sheet having the following chemical 
composition: 


PER CENT PER CENT 
iN ANGANESE:.: aici als. 4 Olewed Lents core <0. 001 
Calcium....;.).. 0.2 TANS MAAC <0.005 
DIICONeG aes cee 6,005 IKON sia.cen'e 0.01 
Beryllium..... None Copper..... <0. 001 
Aluminum..... 0.005 Nickel...... <0.002 


A grain-size determination showed an 
average grain diameter of 0.0013 in. 
prevailing throughout the sheet, which was 
in the hot-rolled and annealed condition. 


studied, all blank edges were ground 
smoothly with Aloxite 320A and 4ooA 
papers and then etch-polished with a 
10 pct nital reagent to remove points of 
high stress concentration caused by deep 
tool marks and sharp scratches. 

Test Procedure——Two modes of loading 
were utilized for drawing the blanks, i.e., 
continuous and intermittent processes. By 
the continuous process, it is implied that 
the deformational load was continuously 
applied and increased until the operation 
was completed before releasing the load. 
By the intermittent process, is understood 
that the load was applied for some time 
interval to attain a desired value and then 
released the instant it was reached, the 
cycle being repeated for a number of times 
with a progressive increase in load values 
until the operation was completed. A 


; 
: 
t 


was directly — 
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typical graph automatically recorded dur- 
ing a deep-drawing operation under this 
process is reproduced in Fig 4. 

For lubrication during the drawing 
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The advantage of the intermittent 
process over the continuous can also be 
seen in Fig 5. Under the present condition, 
it appears that the maximum drawability* 


FIG 5—CoMPARISON OF DRAWABILITY OF AM3S-O MAGNESIUM ALLOY AT ROOM TEMPERATURE. 
Cup on left was formed by continuous process (23.5 pct); cup on right, by intermittent tech- 


nique (39.4 pct). 


Fic 6—EFFECT OF SPEED ON VERY HIGH COLD-FORMABILITY UNDER CONTINUOUS PROCESS. 
Cup on left was formed with a punch speed of 0.5 ipm; cup on right, at about 12 ipm. 


operation a copious supply of a mineral 
bodied grease was employed. Unlike 
flake graphite, which embedded itself on 
the surface of the sheet, the grease was 
usable with facility and was readily wiped 
off with a cloth moistened in commercial 


~ carbon tetrachloride. 


EXPERIMENTAL RESULTS 
The deep-drawing results on the AM3S-O 
magnesium alloy conducted at room tem- 
perature (around 25°C) under a variety of 
test conditions are summarized in Table 1. 


_ While in most cases the punch travel was 


maintained at about 0.5 ipm, higher rates 


~ of travel were also attempted in a rather 
approximate fashion. The limitation of 


our machine made it difficult for an accu- 


rate control of rates greater than 0.5 in. 


| 


SO afl a EP Ci 


under the intermittent process. Never- 
theless, this condition should not be con- 
strued as meaning that 0.5 ipm is the 
optimum rate for the technique. 


obtainable with the intermittent process 
is around 4o pct, while under the con- 
tinuous process the maximum is about 
25 pct, the latter value agreeing with the 
results of Weber and Vanden Berg.* 
The percentage of drawability was cal- 
culated by the following expression, pro- 
vided, the operation was successful :— 


(dy — dz) X 100 


P. D. = 4, 
where: 
d, = original blank diameter. 
d, = punch diameter. 


Below 25 pct drawability, the speed of 
forming greater than 12 ipm under the 
continuous process at room temperature 
had no sufficient effect. An attempt was 
next made to determine its effect on higher 


* Such factors as cold-rolling of sheet prior 
to drawing and stress-annealing during inter- 
mediate stages of cold-forming have also 
decided effects on the maximum drawability 
values of a given alloy. 
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percentage drawability, and bottom punch- 
out was experienced. A slower speed under 
identical conditions produced a wall fail- 
ure. The results of these tests are set forth 
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punch speed under the proposed method 
requires further development in a more 
flexible machine than the one now available 


to us. 


Fic 7—EFFECT OF DEEP-DRAWING PROCESSES ON THE SAME SIZE BLANK (D1A. = 3.86”, t = 
0.072", ALLOY AM3S-0). , 
Cup on left, by the intermittent process and one on right by the continuous draw. A punch- 


travel of o.5 ipm was employed in both cases. 


Fic 8—EFFECT OF BLANK EDGE CONDITIONS AT VERY HIGH COLD-DRAWABILITY UNDER INTER- 
MITTENT PROCESS. 
Cup on left had its edge polished and etched; cup on right had tool marks on edge from 


machining. 


in Fig 6. By taking the same size blank and 
forming it under the intermittent process, 
a successful draw was obtained without 
any evidence of earing, as is clear in Fig 7. 
The importance of proper edge prepara- 
tion at very high cold-drawability is 
apparent in Fig 8. Both blanks were exact 
in size, except the edge in one was left in 
machined condition and in the other it was 
polished and etched. They were both de- 
formed under identical conditions accord- 
ing to the intermittent process. 
Throughout these tests a 250-lb load- 
increment was selected except for a few 
cases where a tooo-lb increment was em- 
ployed. By quadrupling the load-increment 
under the intermittent process with a 
punch speed of 0.5 ipm, about a third of 
the number of cycles was needed to com- 
plete the drawing operation. The optimal 
combination of both load increment and 


A hardness observation was made on a 
cup having a 39.4 pct drawability. The 
maximum side-wall hardness had a Knoop 
number of about 78 and the bottom wall of 
around 57. If these values are compared to 
a Knoop hardness number of 45 for the 
alloy in the annealed condition, a greater 
increase in tensile strengths can be ex- 
pected in these cold-drawn alloys over 
those hot-formed to the same extent. 


DISCUSSION OF RESULTS 


The experimental findings of this work 
conclusively establish that the cold-form- 
ability of the AM3S-O magnesium alloy, 
as encountered in deep-drawing, can be 
greatly augmented by intermittent applica- 


tions of progressively increasing deforma- . 


tional loads. By contrast to a continuous 
application of progressively increasing 
load, as is the current practice of deep- 


oo 
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drawing sheets, a comparatively small 
limit of drawability is permissable before 
rupturing takes place. Apparently under 
the intermittent process a supplemental 
mechanism becomes operative for greater 
plastic flow which does not function under 
the continuous process. 

Only a speculative suggestion can be 
offered in explanation of the nature of this 
mechanism. It may well be possible that 
the “‘retwinning” action theory, advanced 
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retwinning action becomes more and more 
prominent, in a way that increases plastic 
flow. 

It is quite possible under the proposed 
process that the deep-drawing performance 
curves given in Fig 1 can be moved up- 
ward to higher percentages, especially 
in the temperature range where the plastic 
flow proceeds mostly by a twinning action. 
Furthermore, similar advantages can be 
expected in magnesium and other mag- 


TABLE 1—Deep-drawing Performance of the AM3S-O Magnesium Alloy Sheet at Room 


Temperature 
Blank Load Maxi- 
Test Diam- Edge ge Mode of Incre- ae mum | Draw, R k 
No. eter, Condition J '| Loading |ments,|Qvoye,| Load,| Pet BEN SS 
In,@ 4 Lb ycles| “T4, 
DD-171 | 3.06 | As machined 0.5 | Continuous I 2,500 | 23.5 Successful draw 
DD-172]} 3.06 | As machined -o | Continuous I 2,400 | 23.5 | Successful draw 
DD-173] 3.06 | As machined .o0 | Continuous I 2,600 | 23.5 Successful draw 
DD-174| 3.12 | As machined .5 | Continuous I 4,400 Four slight top cracks 
DD-175| 3.12 | Polish-etched .5 | Continuous I 4,500 Two slight top cracks 
DD-176| 3.65 | As machined .o | Continuous I 6,300 Bottom punched out 
DD-177 | 3.65 | Polish-etched .o | Continuous I 6,500 Bottom punched out 
DD-178| 3.65 | Polish-etched -5 | Continuous I 6,250 wa large V-tear 
ailure 
DD-179| 3.65 | As machined .5 | Intermittent} 250 32 8,400 | 35.9? ony draw, one top 
crac 
DD-180] 3.65 | Polish-etched -§ | Intermittent| 250 33 8,500] 35-9 | Excellent draw, no 
earing 
DD-181 | 3.75 | Polish-etched .5 | Intermittent] 250 30 9,000 | 37.6 | Excellent draw, no 
earing 
: DD-182| 3.75 | Polish-etched .5 | Intermittent | 1000 9 8,480 | 37-6 | Excellent draw, no 
r earing 
f DD-183 | 3.86 | Polish-etched .5 | Intermittent| 250 33 9.450| 39.4 | Excellent draw, no 
> earing : 
DD-184] 3.86 | Polish-etched .5 | Intermittent | 1000 It 9,600 | 39.4? aed eae. one slight 
crac 
DD-185 | 3.86 | Polish-etched -5 | Continuous I 7,800 Bottom punched out 
DD-186| 4.01 | Polish-etched -5 |Intermittent| 250 32 9,500] 41.7? | One slight wall crack 
DD-187 | 4.01 | Polish-etched .5 | Intermittent | 1000 8 9,200 Bottom one half 
; punched out 


@ Blank thickness, 0.072 inches. 


by Dorn and Thomsen’ to explain the 
anomalous behavior noted in the elastic 
modulus of magnesium, may account for 
the difference between the two processes. 
They postulated that retwinning tends to 
~ occur at the instant the external compres- 
sive stresses are relieved. Obviously the 
benefits derived through the action of such 
a supplemental mechanism cannot be 
realized under a continuous application 
of a deformational load which is released 
only after the forming operation is ter- 
- minated. With cyclic application and 


nesium alloys, because basically these 
materials have the same type of crystallo- 
graphic structures and deform according 
to the same mechanisms of plastic flow. 
Undoubtedly, the ultimate performance 
under deep-drawing operations will also 
be greatly influenced by the species of 
components comprising the alloy and by 
the initial condition of the alloy prior to 
forming. 


SUMMARY AND CONCLUSIONS 


1. Experimental findings. are presented 


“in support of a process for augmenting 


release of deformational loads, as in the t 
the formability of the AM3S-O magnesium 


- intermittent process, it appears that the 
aa Be, 
5 


3 


284 PROCESS OF AUGMENTING COLD-DRAWABILITY OF MAGNESIUM ALLOY 


alloy at room temperature by intermittent 
applications of successively higher de- 
formational loads. 

2. The drawability of this alloy has been 
increased from 25 pct under the current 
commercial deep-drawing operation to 
40 pct under the proposed method—a 
value comparing favorably with the cold- 
drawability of certain cubic metals. 

3. For reasons indicated, the proposed 
method may also be. employed for im- 
provements in deep-drawing performances 
over a wide temperature range, especially 

- where the plastic flow proceeds mostly by a 
twinning action and, presumably, may be 
extended to other magnesium-base alloys. 

4. Accompanying the high cold-draw- 
abilities now possible, great increases 
have been found in the hardness of the 
alloy. Under this condition higher tensile 
values can be expected which will con- 
tribute to a greater weight-strength advan- 
tage, characteristic of magnesium alloys. 
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DISCUSSION 
(R. A. Quadt presiding) 


G. AnseLt*—The authors have presented 
an intriguing thought on the cold drawing of 
magnesium, I wish I could say we were as 
successful in applying their technique as they 
were. 

We have tried to duplicate their results, 
using two different types of tests. The first 
method was to draw a 3-in. cup on a press 
quite similar to theirs, and although we fol- 


ann + 
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* Director, Process Development Div., Mag- 
nesium Laboratories, Dow Chemical Co. 


lowed their schedule on intermittent drawing, ; 
we have been unable to show any improvement } 
in the cold drawability over continuous — 
drawing. 5 

In the second test we took advantage of the _ 
observation that in cold drawing magnesium, 
if the punch and draw radius are sufficiently : 
large to prevent tear-through failures, then © 
the ultimate failure will be by shear at the 
outside rim of the cup. t 

Compression tests to failure on specimens ~ 
cut from sheet have shown a true or effective 
deformation in compression just one half of : 
that obtained at the rim of the cup before — 
failure occurred. i 

We tried intermittent loading on compression 
bars cut from sheet, but again found no 
increase in deformation to failure in contrast 
to continuous compression. 

I am at a loss to explain the discrepancy 
between our results and those of the authors — 
and can only suggest that I hope the authors 
continue their work, especially with other 
magnesium sheet alloys. ‘ 


7 
: 
- 
. 
L. CaRraPELLA (author’s reply)—The com- ; 
ments of Mr. Ansel on this investigation are : 
appreciated, notwithstanding his failure in 
attempting to substantiate our findings. The i 
explanation, with reference to deep drawing i 
results, appears to be one of design. While a 
unit with sufficiently large punch and die — 
radii was employed for his tests, the working 
clearance of the sheet was not specified. This 
factor is known to be important for the 
attainment of good deep draw performances. _ 
Throughout our work, the clearance, cal- 
culated below, was used: : 
Pct Clearance : 
22 [“ — (d,+ 2) Sa 
at : 
a [ 2822 — (2.350 + 2 X 0.072) 
7 2 X 0.072 | 7st ee 
: ¢ = 4.17 
wherein: da = die-ring diameter 
dy = punch diameter 
t = original sheet thickness. 


ll 


the continuous and _ intermittent loading 
procedures under simple compression tests 
yielded in both cases an effective deformation 
equal to one half of that obtained at the rim 
of the cup before failure occurred. Irrespective 


H 
f 
o 
4 
It is also interesting to learn that both _ 
; 
§ 
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DISCUSSION 


of this observation, the basic fact in the 
problem of deep drawing is that both circum- 
ferential compressive and radial or side-wall 
tensile stresses are operative in a compounding 
action whether the loading be applied con- 
tinuously or intermittently. Still another com- 
ponent of stress may become active in this 
operation, provided the punch-die clearance 


is insufficient to accommodate wall thickening 


aes 


of cup, thereby causing ironing to take place. 
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Hence, under ultimate conditions, the deep 
drawing operation becomes a complex tri- 
axial stress action which apparently can be 
made to augment the cold-drawability of the 
AM35S-0 alloy under intermittent applications. 
In view of this situation, it is not surprising 
that the simple uniaxial compression test 
results failed to resolve any differences between 
the continuous and intermittent loading 
techniques. 


Some Effects of Zirconium on Extrusion Properties of 
Magnesium-base Alloys Containing Zinc 


By J. P. Doan* anp G. ANSEL,{ MemBer A.I.M.E. 
(Atlantic City Meeting, November 1946) 


THE important literature concerning 
zirconium in magnesium-base alloys is 
predominantly contained in patent refer- 
ences. Sauerwald, Eisenreich, and Holub!~4 
discovered the profound grain-refining 
influence of small amounts of zirconium 
on cast magnesium and the attendant 
increases in strength and ductility. They 
extended their work to reveal that limited 
amounts of certain other elements, in- 
cluding zinc, could be added for further 
improvement in strength and hardness. 
British Patent 511137° relates to the 
parent discoveries of Sauerwald, Eisen- 
reich, and Holub. All of these references 
deal primarily with casting characteristics 
and properties in the cast state. Minor 
mention is made of desirable tensile 
strength, ductility, and toughness of 
wrought Mg-Zr alloys* modified by one 
or more additional elements. No extensive 
reference in the literature’* has been found 
to the particular characteristics of wrought 
Mg-Zn-Zr alloys, with which the present 
paper is concerned. 

The work to be discussed represents 
essentially an extrusion study of the 
Mg-Zn-Zr alloys and indicates that this 


Manuscript received at. the office of the 
Institute Aug. 2, 1946. Issued as TP 2107 in 
METALS TECHNOLOGY, Dec. 1946. 

* Metallurgist, The Dow Chemical Co., 
Midland, Michigan. 

+ Director, Process Development Division, 
Pe eS Laboratories, The Dow Chemical 
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1 References are at the end of the paper. 

* Hereinafter, alloy systems are designated 
by listing the chemical symbols of the con- 
stituents; for specific alloys weight percentages 
of the constituents other than magnesium are 
indicated by figures preceding the symbols. 


system is highly interesting in the wrought 
state both academically and commercially. 
Accordingly, an important aim of this 


2 cawpeoaleth 


paper is to describe the hot-workability, ; 
tension and compression properties, metal- — 


lography, and toughness of these alloys. 
Compositional variations are limited to 


the ranges o to 7 per cent Zn and o to 


E percent. Zr. 


EXPERIMENTAL PROCEDURE 


Alloying and Casting 


Alloying ingredients were cell mag- 
nesium, commercial zinc (intermediate 
grade), and a chloride salt containing 
approximately 50 per cent ZrCle and 
50 per cent alkali chlorides. This salt is 
produced by Titanium Alloy Manu- 
facturing Company. 

Melting, alloying, and pouring procedure 


essentially followed the crucible process — 


as described by Nelson.* The magnesium 
was melted using Dow No. 310 flux, and 
the temperature raised to 1350° to 1400°F 
for the alloying operations. After alloying 
of the zinc, the zirconium containing 
salt was added in small portions with 
vigorous stirring. This is an adaptation 


_ of the method described in British Patent 


533264.” The alloying efficiency of zir- 
conium was approximately 30 per cent. 
During the alloying of zirconium, fluorspar 
was added in amount required as a flux- 
inspissating agent. Next the melt was 
refined with Dow No. 310 flux and held 
quietly for 15 min. Finally billets were 


cast in a book-type permanent mold — 
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directly from the alloying pot. For each 
composition a so-lb melt was prepared 
and billets 31¢ in. in diameter and to in. 
long were poured. 
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was rendered protective by a sulphur 
dioxide content of approximately 1 per 
Gentes 

Preheating of billets for extrusion, and 


TABLE 1.—Compositions of Alloys Studied 


Composition, Per Cent 


Alloy No. = 
Zn¢ Zr Mn Fe | Al Cd Cu Ni Pb Si Sn 
T <0.5 0.73 0.07 | <0.001| <o.001| <o,001| <0.01 |<0.001| 0.003] <0.01 <0.001 
2 re) 0.66 0.07 0.002] <o0.001| <o.0o1 |<0.01 |<0.001] 0.017}/<0.01 |<0.00I1 
3 2.4 0.70 0.08 0.002| <0.001] <0.01 |<0.01 |<0.001] 0.015|/<0.01 |<0.00I1 
4 2.8 0.14 0,07 0.001| <o.001] <0,01 |<0,01 | <0,001} 0.023}/<0.01 | <0.001 
5 2.9 0.74 0.08 0.002| <0.001] <o.01 | <0.01 |<0.001] 0.015|/<0.01 | <0.001 
6 3.0 0.31 0.07 0.001] <0.001] <0.0r }<0.01 |<0.00I} 0.024|<0.01 | <0.00r 
7 = es nil 0.08 0.036] 0.004|<o.01r |<0.01 |<0.001} 0.029/<0.01 | <0.001 
8 3.2 0.90 0.07 0.001] <0.01 |<0.01 |<0.01 | <0.001| <0.001} <0.01 | <0.001 
9 3.2 0.75 0.07 .| 0.001] <0.01t |<o.01 |<0.01% | <0.001 <0.00I| <0.01 | <0.001 
Io 3.3 0.41 0.08 0.002] <0.001] <0.01 | <0.01 |<0.001} 0.019|<0.01 | <0.001 
It 3.3 0.68 0.10 0.001] <0.01 |<o0.0r |<0.01 |<o0.00I| 0.016/<0.01 | <0.001 
12 3.5 O77) 0.08 0.002| <0.001| <o.01 |<0.0r |<0.001]' 0.015|<0.01 | <0.001 
0 ba 3.8 0.86 0.07 0.002| <o0.001| <o.01 |<0.01 |<0.001] 0.015)<0.01 | <0.001 
14 4.4 0.79 0.08 0.002} <0.001| <o.01 | <0.01 | <0,001] <0,001| <0.01 | <0.001 
15 5.5 0.26 0.10 | <0.001| <0.03 |<o.01 |<o0.01 |<0.001} 0,024|/<0.01 | (0.001 
16 5.6 0.61 0.12 |<o0.001| <0.03 |<0.01 |<0.01 |<0.001] 0,.023/<0.01 <0.001 
17 feat 0.10 0.13 |<0.00!] <0.03 | <0.o1 <o.01 |<o.00I| 0.021|/<0.01 |<0.00I1 
18 5.8 0.79 0.12 |<0.001] <0.03 |<0.01 |<0.01 |<0.001] 0.022]<0.01 | <0.001 
19 5.9 0.52 0.12 |<o0.001| <0.03 |<o.o1r |<o.01 |<0.001| 0.017|<0.01 <0.001 
20 5.9 0.80 0.06 0.001| <o0.o1 | <o0.0r |<0.01 |<0.001] <0.001| <<o.01 | <0.01 
21 6.0 nil 0.11 0.013| <0.03 |<o.01 |<0.01 | <0.001 0.026] <0.01 | <0.001 
22 6.7 0.86 0.07 0.002| <0.001| <o.01 |<o.o1 | <0.001] <0.001/ <o.01 | <0.001 


2 Determined chemically; others spectrographically. 


Analysis 


Preliminary analyses were made on 
single samples ladled from the melts and 
_ separately cast just before the billets 
‘were cast. Complete analyses were made 
on three to five samples obtained from 
extrusions of each composition. The 
~ averages of the latter determinations are 
reported in Table 1. Zinc and zirconium 
were determined by chemical methods 
and all other elements by spectrographic 
methods. Manganese is present in the 


same or slightly lower amount than in © 


the cell magnesium. Table 1 illustrates the 
‘influence of zirconium in settling iron. 
Other impurities are present only in trace 
- quantities and are not significantly af- 
_ fected by the alloying operations. 


Heat-treatment 


me All heat-treatment at or above 700°F 
was carried out in circulating air, electric- 
resistance furnaces in which the atmosphere 


aging of extrusions were performed in 
the same type of furnace operating without 
sulphur dioxide. 


Extrusion 


Before extrusion the billets were scalped 
to 2%-in. diam. All extrasion was carried 
out on a soo-ton hydraulic press utilizing 
a 3-in. diameter container and operating 
by the direct extrusion method. Maximum 
pressure available was 141,000 psi on the 
billet. Satisfactory extrusion temperature 
conditions were established by preliminary 
experiment and thereafter held constant 
as follows: 


Billet preheat oven.. 700°F 
Gontainers ys. 550°—600°F 
Dicks oe kOe 000 F 


All compositions studied are sufficiently 
alike as to extrusion pressure requirement 
so that no serious error is introduced by 
this simplification. Billet preheat times 
were within the range 1 to 3 hr. A single 
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(a) EFFECT OF Zr CONTENT (b) EFFECT OF Zn CONTENT 


ON Mg- Zn -0.75Zr 


HOT SHORT LIMIT (FT/MIN) 


Fic. 2.—Soipus or MAGNESIUM-ZINC AND MAGNESIUM-ZINC-o. 75 ZIRCONIUM VS. ZINC CONTENT. 


ON Mg- 6Zn-Zr 


HOT SHORT LIMIT (FT/MIN) 
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extrusion die, 34 by ¢-in. rectangle, 


was used. Extrusion speed was varied 
widely (5, 12, 20, 40, and 60 ft per min) 


for each composition to ascertain the 
” 7) 
n > 
- eK 3 
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Testing 
Tensile specimens and testing procedure 
conformed to ASTM specifications for 
sheet-type coupons except that over-all 


(b) EXTRUDED 20 FT./MIN. 


(a) EXTRUDED 5 FT/MIN. 


Fic. 3.—PROPERTIES OF MAGNESIUM-3 ZINC-ZIRCONIUM VS. ZIRCONIUM CONTENT. 


ISd OOO! HLON3IYLS 


effect on properties and, where possible, 
to establish the hot-short limit. The hot- 
short limit is defined as the minimum 
extrusion speed at which hot-short cracks 


. 


\, 


NO!LVDNO13 % 


- specimen length was 67 in. Both tension 


and compression yield strengths were 
determined from autographically recorded 
stress-strain curves. Compression stress- 
strain curves were obtained by the single- 
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sheet, reduced-section method utilizing 
roller supports described by Moore and 
McDonald.® Each result reported is the 
average of four determinations at various 


(b) EXTRUDED 20 FT./MIN. 


——| 


EXTRUDED 5 FT/MIN. 


(a) 


vt 
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positions along the extrusion. There 
was no appreciable variation in properties 
with sample position. 

Metallography was studied at the center 
of the cast billets and at the middle of the 
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extrusions. For the latter, only longitudinal 
sections were examined. The metallographic 
techniques for magnesium-base alloys have 
been described by Hess and George.?® 


% E- 
Fic. 4.—PROPERTIES OF MAGNESIUM-6 ZINC-ZIRCONIUM VS. ZIRCONIUM CONTENT. 


NOILVONO13 % 


Phosphopicral etchant was used for speci- 
mens in the cast state and a mixture of 
5 parts picral, 2 parts glacial acetic acid, 
and 2 parts water for those in the wrought 
state. It was sometimes necessary to 
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follow etching with a glycol scrub to 
remove stain. Determination of the solidus 
of Mg-Zn-o.75Zr system as a function of 
zinc ,content was by metallographic 
examination for incipient fusion of heat- 
treated and quenched specimens of ex- 
truded stock etched with phosphopicral 
solution. 

Since toughness has been shown to be 
an important property of wrought mag- 
nesium alloys from the standpoint of 
serviceability,1! a comparison was made 
between Mg-5Zn-o.75Zr and the com- 
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Extrudability 


One of the most striking effects noted 
in the present work is the unique increase 
in extrudability of Mg-Zn alloys due to 
zirconium additions. For alloys containing 
6 per cent Zn the relation between hot- 
short limit and zirconium content is 
depicted in Fig 1a. Maximum extrusion 
speed is increased about tenfold by the 
presence of 0.8 per cent Zr. The effect 
is linear, so proportional improvement is 


'TaBLe 2.—Properties of Extrusions from As-cast and Solution-heat-treated Billets 


As-cast Billets 


Extrusion 
Nor Pep Com 
° ti j , —- 
Min Tensile ae ae 
Str. Ste Yield 
; tr. 
II 5 49.5 40 4 38.0 
ro 12 48.3 41.6 gota 
* 20 47.0 38.6 BH am 
a 5 49.6 ab ie ae; 
20 ae 38.3 39.0 
3 20 49.1 36.8 ertes 


@ Solution heat-treatment 16 hours at 850°F. 


~ mercial extrusion alloys, using a simple 
static notched bend test. This test was 
designed for sheet or strip materials! 
and is known to give a good correlation 
with resistance to the shattering type of 
_ failure. Briefly, the test consists of bending 

a symmetrically edge-notched, 3 by 1 by 

0.062-in. specimen to failure and cal- 

culating the energy absorbed from the 

area under the torque vs. angular deflection 
~ plot. The notch used in this case is 14 in. 
deep, 14 in. wide at specimen edge, and 
V-shaped with a 0.003-in. apex radius. 
This gives a reduced section }4 in. wide. 
Flat jaws grip the specimen }¢ in. from 
the minimum section and torque is applied 
2 in. from this point. Commercial alloys 
~ compared with Mg-5Zn-o.75Zr are FS-1, 
- J-1, and O-1HTA. 


Strengths in Tables 2, 3, 4 and 5 and in Figs 7, 


Solution-heat-treated Billets? 


Compres- 


Elonga- Tensile longa- 
tion, ret Yield Vield tion, 
Per Cent 2 Str. Str Per Cent 
8.5 39.6 27.6 20.6 15.6 
8.2 39.0 25.1 18.2 14.5 
9.2 38.6 24.0 neyo 14.6 
Aas 44.5 28.0 24.9 20.9 
LU 43.6 28.0 23.1 18.6 
16.2 42.4 28.1 20.9 TOT 


9 and ro stated in 1000 pounds per square inch. 


achieved at lower zirconium. The in- 
fluence of zinc content on hot-short limit 
is also linear (Fig 10) but inverse: Le., 
extrudability decreases with added zinc, 
The latter statement is valid also for 
binary Mg-Zn alloys and is believed to be 
related to the shape of the solidus of the 
system. Fig 2 compares the solidus curves 
of Mg-Zn alloys with and without ap- 
proximately 0.75 per cent Zr. In the 
range 3 to 6 per cent Zn this amount of 
zirconium increases the solidus tem- 
perature roughly 200°F. Probably a portion 
of this increase is due to the presence of 
manganese, which is known to have | 
effects similar to but of much lower 
magnitude than those of zirconium. 
Determinations of metal temperature 
at the point of issuance from the extrusion 
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die indicate that hot-shorting occurs 
at an actual metal temperature equal to 
or slightly less than the solidus. Further- 
more, this metal temperature is related to 


12 FT. /MIN. 


(b) EXTRUDED 


(0) EXTRUDED 5 FT./MIN. 


vt 
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extrusion speed roughly parabolically, 
with speed increasing more rapidly than 
temperature. Thus, the increase in solidus 
due to zirconium would be expected to 
cause a large increase in hot-short limit. 
It is realized that other factors, including 
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strength at elevated temperature, influence 
the hot-short limit and that zirconium 
may be effective through other mechanisms 
than higher solidus. However, the increase 


°o ° ° ° 
m N = 
NOILVONO13 % 


in solidus is believed to be the major 
reason for improved extrudability. 

Beck” (quoting unpublished work by 
Siebel) states that the Mg-Zr system is 
peritectic with the peritectic temperature 
only slightly above the melting point of 
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magnesium. The solidus line therefore is Tension and Compression Properties 

very flat and falls at 1202°F and slightly The profound effect of zirconium on the 
above. The ternary Mg-Zn-Zr constitu- properties of Mg-Zn-Zr alloys is shown in 
tional diagram can only be speculatedson, Figs 3 and 4 for zinc contents of approxi- 


(d) EXTRUDED 40 FT./MIN. 


4 Zn 
-ZINC-0.75 ZIRCONIUM VS. ZINC CONTENT. 


Fic 5.—PROPERTIES OF MAGNESIUM 


(c) EXTRUDED 20 FT/MIN. 


7 i 

a” y 

x ° 

* ° ° ° ° ° ° 

be Ye) ¢ m2) nN = 

3 ISd OOO! HLON3SYLS NOILVDSNO13 % 

but it is probable that the solidus surface mately 3 and 6 per cent, respectively. 
in the magnesium-rich corner rises very ~ Since the zirconium effect is somewhat 


Rey 


_ steeply in passing from o to 1 per cent dependent on extrusion speed, data are 
Zr at any given appreciable zinc content. presented for both 5 and 20 ft per min. 
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The strength properties, tensile strength, 
tensile yield strength, and compressive 
yield strength all rise sharply with added 
zirconium to about o.4 per cent: with 
further zirconium additions the strengths 
continue to increase, but less rapidly. 
Compressive yield strength undergoes the 
greatest increase and tensile strength the 
least, tensile yield strength being inter- 
mediate. This results in an increase in 
compression to tension yield-strength ratio 
due to zirconium. Ductility decreases with 
zirconium additions in both the 3 and 
6 per cent Zn alloys. This is an undesirable, 


but almost inevitable corollary of the. 


observed strength changes. 

It is: clear from these results that if 
high strength is the goal, maximum 
zirconium content must be attained. It 
was found that the maximum zirconium 
content obtainable was about 0.75 per cent 
with practically all analyses falling in the 
range 0.65 to 0.85 per cent. The property 
data to follow, concerning the effects of 
zinc content and extrusion speed, are 
therefore for alloys containing approxi- 
mately 0.75 per cent Zr. 

The relation of strength properties and 
ductility to the zinc content of Mg-Zn- 
0.75Zr alloys for several extrusion speeds 
is plotted in Fig 5. In general, the addition 
of zinc increases both ductility and 
strengths, the exact shape of the strength 
curves depending on extrusion speed. 
There is some tendency for the curves to. 
level off at 2 to 4 per cent Zn, particularly 
at the lower extrusion speeds. 

The effect of extrusion speed on proper- 
ties of Mg-Zn-o.75Zr alloys with 3 and 
6 per cent Zn is plotted in Fig 6. Strength 
properties all decrease as speed increases; 
compressive yield strength suffers the 
greatest loss and tensile strength the 
least. The strength decreases are con- 
siderably less for the 6 per cent Zn than 
for the 3 per cent Zn alloy. Ductility in- 
creases with speed for both compositions. 

It is now evident that the properties of 
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Mg-Zn-o.75Zr alloy extrusions are complex — 


functions of zinc content and extrusion 
speed. To clarify this relationship the 
iso-property maps of Figs 7 to 10 were 


derived from curves similar to those of — 


Fig 6, which in turn were derived from 
curves as shown in Fig 5. This procedure 
results in graphical averaging of both 
composition and speed effects. The final 
curves reveal that desirable combinations 
of extrudability, compressive yield strength, 
percentage of elongation, tensile yield 
strength, and tensile strength are obtained 
at several zinc contents in the range 3 
to 6 per cent and at speeds ranging from 
15 to 60 ft per min. For any given desired 
compressive yield strength, it is advan- 
tageous to extrude a certain composition 
at speeds approaching the hot-short limit 


to obtain the best combination of strength, | 


extrusion speed, and ductility. For ex- 
ample, to produce 35,000 psi compressive 
yield strength, 5.5 per cent Zn extruded 
25 ft. per min. is the best choice; similarly, 
for 25,000 psi compressive yield strength, 
4.5 per cent Zn at 4o ft. per min. is superior 
to all other compositions. 

The foregoing results apply exclusively 
to extrusion from as-cast billets. Pre- 
liminary experiments established that 
strength properties, particularly compres- 
sive yield strength, were definitely im- 
paired by solution heat-treatment of the 
billets. Data presented in Table 2 are 
illustrative of this phenomenon. Discussion 
is included in the section on metallography. 

The possibilities of attaining strength 
increases in a Mg-6Zn-o.75Zr alloy by an 
age-hardening reaction are revealed in 
Table 3. As in the binary Mg-6Zn alloy, 
only moderate strength increases occur. 
Under the most favorable conditions tensile 
strength increases 2000 to 4000 psi, 
tensile yield strength, 5000 to 7000 psi, and 
compressive yield strength 3000 to 5000. 
The accompanying decrease in ductility 
is slight. Ageability falls off with decreasing 
zinc content of the alloys, Mg-3Zn-o.75Zr 


scalecmieiien ieaekteesdn andl aa ean OO YO eee DZ 


a ee ee ee ina es ae 


J. P. DOAN AND G. ANSEL 


(a) 32Zn 


50 


> 
° 


ce) 
to} 


STRENGTH 1000 PSI 


20 


% ELONGATION 


0 
te) 105 120)5230) 40: 50). 605 70 <80 


295 


Q 10 20 30 40 50 


EXTRUSION SPEED (FT./MIN.) 
Fic. 6.—PROPERTIES OF MAGNESIUM-ZINC-0.75 ZIRCONIUM VS. EXTRUSION SPEED (DERIVED CURVES). 


% Zn 


EXTRUSION SPEED (FT./MIN.) 
Fic. 7.—COMPRESSION YIELD STRENGTH VS. EXTRUSION SPEED AND ZINC CONTENT MAGNESIUM- 
ZINC-O.75 ZIRCONIUM (DERIVED CURVES). 


not being significantly strengthened by 
aging. 

Properties in the solution-heat-treated 
and in the solution-heat-treated and aged 
states are presented in Table 4. In general, 
high-temperature treatments are detri- 
mental to strength properties, particularly 
compressive yield strength. Only partial 


recovery of strength properties occurs 
on aging after solution heat-treatment. 


Metallography 


Billet metallography as influenced by 
variations in zinc and zirconium is shown 
in Figs 11 to 14. The grain-refining action 
of zirconium is evident in both Mg-3Zn 
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(FT./MIN.) 


Fic. 8.—PERCENTAGE OF ELONGATION VS. EXTRUSION SPEED AND ZINC CONTENT. MAGNESIUM-ZINC- 
0.75 ZIRCONIUM (DERIVED CURVES). 


EXTRUSION SPEED (FT./ MIN.) 
FIG. 9.—TENSION YIELD STRENGTH VS. EXTRUSION SPEED AND ZINC CONTENT. MAGNESIUM-ZINC- 
0.75 ZIRCONIUM (DERIVED CURVES). 


and Mg-6Zn alloys, but particularly in the 
former. Also zirconium decreases the 
amount of massive compound formed 
during solidification and alters its form 
from more or less globular to lacy particles. 
The rosette etching patterns within the 
grains of the zirconium-bearing alloys 
are believed to be due to segregation of 
zirconium or a zirconium-rich phase, and 
to be related to the growth of dendrites 


from the melt. Regions of high zinc content, 
in general the areas adjoining grain 
boundaries and massive compound par- 
ticles, are identified by dark staining. _ 
The reason for the excellent strength 
properties of Mg-Zn-Zr alloys is revealed 
by a study of the metallography of the 
extrusions. Figs 15 and 16 show the 
structure of Mg-3Zn extruded at 5 and 
20 ft per min, respectively; average grain 
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sizes are approximately 0.0008 and 0.0015 
in., respectively. Observe the contrast 
with Figs 17 and 18, Mg-3Zn-o0.75Zr ex- 
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truded at the same two speeds. Average 
grain sizes in the latter are about 0.0001 
and 0.0003 in. The presence of 0.75 per 
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Fic. 10.—TENSILE STRENGTH VS. EXTRUSION SPEED AND ZINC CONTENT. MAGNESIUM-ZIRCONIUM- 
0.75 ZIRCONIUM (DERIVED CURVES). 


TABLE 3.—Properties vs. Aging Time and 


Temperature 
Aging Conditions Ten. | Com- | Elon- 
Ten- | sile | Pres- | ga- 
sile | Yield | sion | tion, 
Temperature, | Time,| Str. Ge pNaeld:| > Per 
Deg, F. Hr. Str. | Cent 
As Extruded... 50.1 | 38.7 | 37-5 | 13.0 
ZOO ute siece Mate « I5 4953 | 37.5 |’ 38-3 Ir.8 
24 50.5 | 38.8 | 38.4] I1.3 
48 §1.0-| 40,7 1739.0 | 11.6 
96 52.5 | 42.7 | 40.7 | 10.7 
BEB rice. gots I5 52.5 | 4r.7 | 39.6 | 10.3 
24 52.7 | 42.8 | 40.8 | 10.1 
48 54.9 | 46.0 | 42.5 | 10.1 
“300 O'siais tnt! lee 15 52.7.) 43-4 | 41.5 | 10.5 
24 54.4 |} 45.3 | 42.1 8.0 
48 53.7 | 40.7 | 42.0 |. 10.0 
96 53-8 | 46.3 | 42.0 | 10.3 
SAS OCs Diner caee 15 52.1 | 42.7 | 41.3 | 10.2 
24 52.5 | 44.5 | 41.9 | 10.3 
48 51.9 | 44.5 | 41.2 | 10.4 
96 51.7 | 43.6 | 39.8 | 10.9 
ZIGOR 00s Cueto 8 51.9 | 42.6 | 40.2 | 10.3 
I5 49.9 | 41.3 | 40.2 | 10.7 
24 51.3 | 43-3.) 39.2 10.6 
48 50.9 | 42.8 | 40.2 10.6 
ects ote ss 3 §2.4 | 42.6 | 39.3 | 10-5 
dad 8 51.3 | 41.6 | 39.9 | 11.8 
15 51.4 | 41.9 | 39.0 Ir.8 
24 51.4 | 41.0 | 39.7 |- 11-4 
4OO peers ecseee 3 50.4 | 41.0 | 39.5 | 10.9 
8 50.3 | 40.3 | 39.3 |. 12.2 
15 STaL | 39.9 | 38.7 ||) 10-5 


cent Zr causes at least five fold refinement 
of wrought grain size. Very high extrusion 
speeds overcome the effect of zirconium 
and cause large grains even in Mg-3Zn- 
o.75Zr (Fig 19). Figs 20 to 22 show the 
metallographic structure of Mg-6Zn-0.75Zr 
and the effect of extrusion speed. If the 
properties of these alloys are now reviewed, 
it is at once apparent that strength, 
particularly compressive yield strength, 
is intimately related to grain size. When 
grain size is fine, say 0.0002 in. or less, 
compressive yield strength and _ tensile 
yield strength are approximately equal at 
a high level and tensile strength is also high. 
As grain size increases because of lower 
zirconium content or solution heat-treat- 
ment either before or after extrusion, 
compressive yield strength falls below 
tensile yield strength and all three strength 
properties decrease. 

Although the mechanisms through which 
zirconium imparts grain-size control to 
Mg-Zn alloy are not fully known, partial 
understanding has been attained from the 
metallography. Grains tend to be elongated 
in the extrusion direction with longitudinal 
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Fic. 11.—AS-CAST MAGNESIUM-3.1 ZINC (ALLOY No. 7). 
Fic. 12.—AS-CAST MAGNESIUM-3.2 ZINC-0.7 5 ZIRCONIUM (ALLOY No. 9). 
Fic. 13.—AS-CAST MAGNESIUM-6 zINC (ALLOY No. 21). 

FIG. 14.—AS-CAST MAGNESIUM-5.8 ZINC-0.79 ZIRCONIUM (ALLOY No. 18). 
All X roo. Etchant, phospho-picral. 
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boundaries often straight and_ parallel 
to the extrusion direction. Solution heat- 
treatment or homogenization of the billet 
prior to extrusion results in a larger 
extruded grain size and a decrease in 
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solution gradients and/or the presence of 
second-phase material. The influence of 
second phase on controlling grain size is 
fairly obvious. Solid solution gradients 
present in the cored cast structure are 


TABLE 4.—Properties in Heat-treated and in Heat-treated and Aged States* 
DATA FoR ALLOY 16 


Solution Heat-treated 


Solution Heat-treated and Aged 


Solution 
Tempera- 
ture, . Tensile Compres- | Elonga- . Tensile | Compres- | Elonga- 
Deg F. pevete Yield | sion Vield| _ tion cena Viel iltsiom Viel: | ction, 
i Str. Str. Per Cent 5S Str. Str. Per Cent 
700 48.0 37) 36.0 12.5 51.0 38.4 38.4 10.2 
750 46.2 32.4 30.5 17.0 46.8 34.6 33.0 14.7 
775 43.0 28.9 24.3 18.5 46.6 35.1 32.0 15.5 
800 43.1 27,2 24.9. 17.5 45.7 33.8 30.0 TAZ 
850 42.4 26.0 22.9 by AP 47.0 36.9 Zi: Er 2 
900 41.0 24.3 19.5 18.7 50.6 41.0 33.2 9.2 
950 40.4 22.2 17.9 20.7 54.0 44.3 San 7 aed 
As Extruded As Extruded and Aged 


@ All solution-heat-treating for 1% hr. in the furnace. 


All aging 24 hr at 350°F 


strength (compare Figs 21 and 23). 
The potency of the grain-size control is 
proportional to the zirconium content. A 
similar effect, but of much lower. mag- 
nitude, has been observed in binary Mg-Zn 
alloys, but not in binary Mg-Zr alloys. 


TABLE 5.—Toughness Comparison of 


Mg-s5Zn-o.75Zr to Commercial Alloys* 
Sratic NotcHED Benp TEST 


Properties 
En- 
ergy : 
to om- 
Alloy Rup- | Ten lee ped meee 
ee ee eae s Vield ee 
Inch- Es = ie 
1b. Cent | Str. Str. 
FS-1 Toes eS eeelalomee | 24S.) 0417 
j-1 15.6 -|42.8 | 16.8 | 24.5 | 14.9 
O-1HTA Bere sen OO uh aout | 34.4 
Mg-5Zn-0.75Zr| 15.0 | 49.0 9.5 | 40.0 |] 35.0 


« Commercial alloy data from reference II. 


The following hypothesis is offered 
in explanation of grain-size control in 
wrought Mg-Zn-Zr alloys. The factors 
imparting this grain-size control are solid 


intensified by the drastic work of extrusion. 
When the extrusion conditions are con- 
trolled so that little or no diffusion occurs, 
the distances between high and low zinc 
regions are decreased in proportion to 
the extrusion reduction. These gradients 
could then control grain size by effects of 
varying lattice parameters, orientation 
differences, and recrystallization and grain- 
growth characteristics. It is hypothesized 
that the role of zirconium is to intensity 
the solid solution compositional gradients 
in the billet by virtue of its grain-refining 
influence. (Compare Figs 11 and 12.) 
Further, zirconium acts to reduce the loss 
of gradients through diffusion. This has 
been noted in homogenization experiments 
on cast billets of 6 per cent zinc with and 
without zirconium. 


Toughness 


Toughness data obtained by the static 
notched bend test are given in Table 5. 
The results for the commercial alloys were 
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Fics. 15 AND 16,—EXTRUDED MAGNESIUM-3.1 
ZINC (ALLOY No: 7). X 500. 
Etchant: 5 parts picral, 2 parts glacial acetic 
acid, 2 parts water. ; 
Fig. 15. Extruded 5 feet per minute. 
Fig. 16, Extruded 20 feet per minute. 


taken from Doan and McDonald." There 
is little effect of zinc content on the tough- 
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ness of Mg-Zn-o.75Zr, so only the figure 
for 5 per cent Zn (obtained by interpola- 
tion) is stated. It is evident that the 
Mg-Zn-o.75Zr alloys compare favorably 
with FS-1 and J-1 alloys and are vastly 
superior to O-1HTA. 

The reason for the difference in behavior 
of O-1HTA and Mg-5Zn-o.75Zr, materials 
having quite similar simple tensile proper- 
ties, lies in the ability of the latter to 


deform under the adverse stress con-— 


ditions existing at the head of a crack: 
i.e., Mg-Zn-Zr alloys are much less notch 
sensitive than O-1HTA. This ability 
depends on the more fundamental property 
of low rate of work-hardening and capacity 
for high local strain. Detailed discussion 
of this subject is considered to be beyond 
the scope of this paper. The point of 
emphasis here is the distinct toughness 
and notch-sensitivity advantage of Mg- 
Zn-Zr alloys over O-1HTA. 


Commercial Possibilities 


By varying the zinc content or extrusion 
speed on a high-zinc alloy it is possible to 
cover the range in properties typified 
by the present commercial alloys. In 
general, it is possible to attain a better com- 
bination of properties and extrusion speed 
than is obtained in commercial alloys. 

The alloy containing about 6 per cent 
Zn and more than o.5 per cent Zr shows 
considerable promise of supplanting the 
present-day high-strength magnesium ex- 
trusion alloy O-1HTA on the basis of 
strength, toughness and_ extrudability. 
Large-scale runs have borne out the 
laboratory predictions. Some of the prob- 
lems associated with the production 
development of this alloy are: 

1. High extrusion pressure vs. die life. 

2. Control of soaking time. 

3. High reductions necessary. 

4. Alloying problems. 


None of these difficulties is insur- 
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Fics. 17-19.—EXTRUDED MAGNESIUM-2.9 ZINC-0.74 ZIRCONIUM (ALLOY No. 5). X 500. 
Etchant: 5 parts picral, 2 parts glacial acetic acid, 2 parts water. 
Fig. 17. Extruded 5 feet per minute. 
Fig. 18. Extruded 20 feet per minute. 
Fig. 19. Extruded 70 feet per minute. 
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FIGs, 20-23.—EXTRUDED MAGNESIUM-5.8 ZINC-0.79 ZIRCONIUM (ALLoy No. 18). X 500. 
Etchant: 5 parts picral, 2 parts glacial acetic acid, 2 parts water. 
Fig. 20, Extruded 5 feet per minute. 
Fig. 2x. Extruded 15 feet per minute. 
Fig. 22. Extruded 30 feet per minute. 


Fig, 23. Extruded 15 feet per minute from billet solution; heat-treated 16 hours at 850°F. 
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lems arising in the preliminary large- 
scale development of a new composition. 

Extrusions of this alloy were used in 
making a wing similar to the magnesium 
wings already in use.!4 It was found that 
the handling difficulties in the fabrication 
of the wing were reduced to zero in distinct 
contrast to the previously used _high- 
strength alloys. 


SUMMARY 


1. The magnesium-rich corner of the 
Mg-Zn-Zr system has been studied in 
the composition range o to 7 per cent Zn 
and o to 1 per cent Zr with regard to 
extrudability, tension and compression 
properties, metallography, and toughness. 

2. Zirconium has the outstanding effect 
of greatly increasing the extrudability of 
Mg-Zn alloys, particularly those of high 
zinc content. This effect is shown to be 
related to the increase in the solidus tem- 
perature of these alloys due to zirconium. 

3. Tensile and compressive properties 
in the wrought state are critical functions 
of composition and extrusion speed. 
Strengths increase with both zinc and 
zirconium contents and decrease with 
increasing extrusion speed. In the com- 
position ranges 3 to 6 per cent Zn and 
0.5 to. 1.0 per cent Zr and at 5 to 25 ft. 
per min. extrusion speed, exceptional 
combinations of compression yield strength 
and extrusion speed are possible. 

4. Unusually fine grain size in the 
wrought state accounts for the high 
strengths and the high ratio of com- 
pression to tension yield strength of which 


these alloys are capable. 


5. It is hypothesized that wrought 
grain-size control results from the numer- 
ous sharp solid solution gradients known 
to exist in the cast state and intensified by 
extrusion. Zirconium has the dual role 
of creating the required cast structure and 
of inhibiting its loss by diffusion during 


preheating and hot-working. 


ohh) 


6. In spite of simple tensile ductility 
and strength comparable to that of the 
present high-strength magnesium-base ex- 
trusion alloy (O-1HTA), Mg-Zn-Zr ex- 
trusions are vastly tougher and less notch 
sensitive. 

7. In view of the characteristics reported 
herein, Mg-Zn-Zr alloys appear destined 
for commercial use as extrusion alloys. 
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DISCUSSION 


A. L. Tarr*—What is the effect of ratio 
of reduction on the physical properties? 


G. Anse (Author’s reply)—In the work 
reported here, we used a constant reduction. In 
general, the properties, especially compression 
yield strength, increase with increasing reduc- 
tion in extrusion. An area reduction of 50 to r 
will give around a 30,000-psi compression yield 
in shapes extruded under practical production 
practice. 


J. H. Atpenf—In one of your curves you 
show a decrease in properties with higher ex- 
trusion speeds. Can you offset the lowering of 
properties to some extent by using lower extru- 
sion speeds? Do lower temperatures affect the 
slope of the curve of properties vs. speed? 


G. AnsEL—Fig 6 illustrates the effect of 
extrusion speed on properties. A range of 
properties covering all present day commercial 
extrusion alloys can be obtained by using one 
alloy and varying the extrusion speed. With 
regard to the question of the influence of tem- 
perature on the property-extrusion curve, there 
will be little change in properties at high 
speeds at lower temperatures but at very low 
speeds there will be a considerable increase in 
strength. 


J. H. AtpEN—Do these curves represent the 
best you can get? 


G. ANsEt—Properties presented here are 
representative of those obtainable on a high 
reduction shape extrusion. On rounds or bars, 
higher strength properties and ductilities can 
be obtained. 


P. Gorpon{—What is the form of the zir- 
conium present in the alloy? Is it in solution 
or in the form of a compound? Do you attribute 
the improvement of properties chiefly to the 
refinement of the grains? 


G. ANsEL—Very little is known about the 
characteristics of the zirconium phase. The 


* Revere Copper and Brass, Inc., Baltimore, 
Maryland. 

y Assistant Chief Metallurgist, Fabricating 
Division, Aluminum Company of America, 
Pittsburgh, Pennsylvania. 

} Massachusetts Institute of Technology, 
Cambridge, Massachusetts. 


EFFECT OF ZIRCONIUM ON EXTRUSION OF MAGNESIUM-ZINC ALLOYS 


literature does not indicate that there are any 
known magnesium-zirconium compounds. With 
regard to solubility of zirconium, it is estimated 
that this figure will be about 0.5 pct. Experi- 
ments on cast Mg-o.6Zn indicate that this alloy 
will show precipitation when heated at 1180°F. 

As to your second point, on grain size, we do 
feel that the improvement in properties is 
chiefly due to grain refinement in the final 
product. The property with which we are most 
concerned is compression yield. This property 
has been shown to be strongly influenced by 
grain size. Table 4 shows that heat-treating at 
700°F and aging has little effect on the com- 
pression yield over the original stock. Yet, 
heat treating at 9o00°F and aging produce 
higher tensile properties but lower compression 
properties. The latter is due to an increase in 
grain size, and the former the effect of a more 
complete heat-treatment. 

The phenomena that maximum tensile 
properties do not coincide with maximum com- 
pression yield strength has frequently been 
noticed in magnesium alloys. 


A. R. KaurmMann*—I should like to ask 
whether the influence on properties of the rate 
of extrusion is looked upon just as being due to 
a change in the temperature during extrusion, 
or is there some difference in the flow mechan- 
ism or something of that kind. 


G. AnsEt—In this case, the influence of ex- 
trusion speed can be attributed to developed 
temperature. Higher temperatures generally 
mean larger hot-worked grain size. In addition, 
we are destroying the microscopic segregation, 
which is producing the fine grain size by the 
higher temperatures involved and, therefore, 
still further increasing the grain size. 


A. V. Lorcnt—I’d like to ask Mr. Ansel 
some questions about the relative cost of alloys 
containing zirconium, and if there were any 
unusual difficulties and what effect zirconium 
would have on corrosion resistance. 


G. ANSEL—The source of zirconium-contain- 


_ing flux was mentioned as well as our efficien- 


cies in the paper. The alloying of the zirconium 
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must be carried out at a relatively high tem- 
perature (1400° to 1500°F) to get a sufficiently 
high zirconium content. In addition, the metal 
must be handled very carefully, to avoid flux 
contamination. There is no apparent effect of 
zirconium on the corrosion of magnesium- 
zirconium or magnesium-zinc-zirconium alloys. 


H. A. Smita*—I was wondering about the 
welding characteristics of this type of material, 
not only resistance but fusion welding. 


G. AnsE~t—The only extensive welding ex- 
perience we have would be on an alloy con- 


*Beech Aircraft 
Kansas. 


Corpcration, Wichita, 
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taining 6 pct zinc. Weldability using the 
heliarc process would be classed as poor. No 
data on resistance welding are available. 


E. S. Bunn*—All of the data in your paper 
are based on an extrusion temperature of 
700°F. What is the extrusion range? 


G. ANsEL—The range of permissible extru- 
sion temperatures varies with zinc content. 
The extreme range would be 500 to goo°F. In 
general, we would work in the range of 650° to 
750°F, so as to get the benefit of low starting 
pressure and higher permissible extrusion speed. 


* Magnesium-Aluminum Division, Revere 
Copper and Brass Inc., Baltimore, Maryland. 


An Electron Diffraction Study of Oxide Films Formed on Iron, 
Cobalt, Nickel, Chromium and Copper: at High Temperatures 


By E. A. GuLBRANSEN* AND J. W. HickmMAn* 
(Atlantic City Meeting, November 1946) 


One of the important factors that deter- 
mine the resistance of a metal or alloy to 
further chemical reaction is the structure 
of the superficial oxide film. A thorough 
understanding of the physical and chemical 
structure as well as the stability of the 
oxide film formed on the surface as a 
function of time and temperature of the 
chemical reaction might furnish clues 
as to the nature of the reaction process 
and the protective nature of the film. A 
comprehensive program has been under- 
taken to study these phenomena. This 
paper summarizes the structure of the 
oxide films formed on the metals iron, 
cobalt, nickel, chromium and copper at 
temperatures up to 700°C. 

Before the introduction of the electron 
diffraction technique, it was necessary 
to use either direct chemical analyses or 
X-rav diffraction analyses to determine 
the nature of the oxide film formed on the 
metal or alloy. Chemical analyses yields 
information on the percentages of the 
several atomic species present in the 
film while X-ray diffraction analyses yield 
information on the atomic geometry. 
In special cases the information obtained 
may be identical, but in general both view- 
points are necessary. 

Much of the early work was carried 
out on the oxidation of bulk samples where 
thick films were obtained. The products 
were identified after cooling to room 
temperature by X-ray diffraction and 

Manuscript received at the office of the 
Institute May 6, 1946. Issued as TP 2068 in 
METALS TECHNOLOGY, October 1946. 


i Research Laboratories, Westinghouse Elec- 
tric Corporation, East Pittsburgh, Pennsylvania. 


chemical analyses. Although much useful 
information has been obtained in this 
manner, little could be learned about the 
character of the protective oxides during 
the period when the films were actually 
protective. 

Evidence concerning the chemical struc- 
ture of thin oxide films has been made 
possible by the development of the electron 
diffraction refection technique. In this 
method the most fruitful investigations 
have been made by carrying out the 
reaction in situ at the temperature at which 
the film is actually protective. 


LITERATURE 


The oxidation of iron has been exten- 
sively investigated by X-ray and electron 
diffraction. Jackson and Quarrell! found 
that oxide films formed and examined 
at the same temperature differed con- 


siderably from those allowed to cool to 


room temperature. The results showed 
that below 400°C. the oxide that was 
stable in intimate contact with iron was 
Fe;04; between 515° and 900°C. the stable 
film was FeO. Above the upper change 
point of iron the oxide was found to be 
Fe,O4. From 400° to 515°C., FeO, FesO4 
or a mixture of the two oxides was found. 
Recrystallization of the air-formed film 
below 400° and above 900°C. led to the 
formation of FesO4. In the range where 
thicker films consisted of FeO, the air- 
formed film was converted to a new 
hexagonal oxide not previously described. 


1 References are at the end of the paper. 
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One feature of the results was that all 
the oxide films examined reverted to 
Fe;0, on cooling to room temperature. 

Nelson? has made the most complete 
study of air-formed films on iron at low 
temperatures. He recognized that the 
structural transformations are functions 
of time as well as temperature. Freshly 
prepared samples were found to have a 
joint pattern of cubic oxide superimposed 
on the stronger alpha-iron pattern. As 
the temperature or time of oxidation 
increased, the primary oxide rings became 
slightly stronger until the alpha-iron 
rings vanish. As the film develops, there 
is a slight strengthening of the primary 
cubic oxide rings, then new rings due to 
the rhombohedral oxide appear. The 
primary oxide is soon entirely replaced 
by it. There next occurs an existence 
region of diffuse rings of the rhombohedral 
oxide, and finally one of the sharp rings of 
this oxide. Transition from diffuse to 
sharp alpha-Fe,03 patterns coincides with 
the development of the first-order blue 
interference color. 

T. Iimori® has carried out a careful 
study of oxide films formed on heated 
iron. His specimens were oxidized in an 
auxiliary furnace and then cooled to 
room temperature for study. He carefully 
controlled the time, temperature and 
pressure of the oxidation reaction. Iimori* 
distinguishes between the cubic modifica- 
tion of Fe.O3 and Fe;0, by means of 
X-ray data. Since the lattice parameters 
of cubic Fe.O3 and Fe;0,4 are almost 
identical, electron diffraction data may 
not be able to distinguish one from the 
other. This analysis may not hold for 
thin films of the oxides. Then, too, Iimori’s® 
work suffers from the fact that the photo- 
graphs of oxides formed were not taken 
at the temperatures of oxidation. 

Three oxides of cobalt are known to 
exist from X-ray diffraction studies. 
Arkharov and Voroshilova‘ have reported 
that the principal constituent obtained 


when cobalt is oxidized in the range 
365° to 800°C. is CoO. The monoxide was 
found in contact with the metal while a 
small amount of the spinel, Co304, oc- 
curred in the outer layer. Between these 
layers there may have been a layer of 
Co,O3 but it was not present in sufficient 
quantity to be detected by the X-ray 
method. No systematic study of the 
oxidation of cobalt using electron diffrac- 
tion has been reported. 

Three oxides of nickel have been in- 
vestigated structurally by X-ray diffrac- 
tion. Of these NiO is the most stable 
over a wide temperature range. Preston 
has investigated the structure of oxide 
films on nickel, using electron diffraction 
reflection technique. The only oxide 
observed was NiO with a lattice parameter 
of 4.10A. Darbyshire® found that films 
of oxide separated from ‘the metal by 
electrolytic corrosion were structurally 
identical with nickel monoxide in the 
massive form. The transmission photo- 
graphs gave a lattice parameter of 4.11A. 
in good agreement with the results obtained 
by Preston.® There appears to be a devia- 
tion between the electron diffraction and 
X-ray parameter values, since the value of 
4.17A. has been found by X-rays. 

Although the oxidation of various 
alloys containing chromium has _ been 
investigated by electron diffraction, no 
study of the oxidation of the metal has 
been reported. Two oxides, CrO3 and 
Cr:O3, have been investigated by X-ray 
diffraction. ? 

White and Germer® have reported an 
estimate of the rate of oxidation of copper 
in evaporated films. Measurement of the 
kinetics involves an estimate of the 
amount of one material as it is formed in 
the reactions. This involves a measurement 
of the intensities of reflections, which is 
difficult with the photographic process. 
Germer® has identified the oxidation 
product occurring on copper as cuprous 
oxide. Smith?® has investigated the struc- 
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ture of thin films of cuprous oxide and 
has found the oxide to be cubic with a 
lattice parameter of 4.28A. This is slightly 
higher than the reported X-ray value of 
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Fic. 2.—EXPERIMENTAL DIFFRACTION PATTERNS OF THE OXIDES OF COPPER, CHROMIUM, COBALT AND 
NICKEL. . 


4.24A. No systematic study of the oxida- 
tion of copper over a wide temperature 
range has been reported. 

The diffraction patterns corresponding 
to the oxides that may occur on the 
metals investigated have been summarized 
schematically in Figs. 1 and 2. The spacings 
in Angstroms of the diffracting planes 
dim are represented by the positions of 
the corresponding heavy vertical lines 
with respect to the horizontal reciprocal 
scale; the intensity of each spacing is 
represented by the height of the vertical 


the formulas in the figures. In Table 11 
are given the lattice parameters of the 
oxides that may be encountered in this 
study. Typical photographs of the oxides 
obtained in this study are shown in Fig. 3. 


APPARATUS 


The apparatus used in this study has 
been described in a previous paper.™ 
The electron diffraction camera consisted 
of the following: (1) a cold-cathode hydro- 
gen-gas discharge tube, (2) a 0.004-in 
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anode aperture, (3) an axial symmetric 
magnetic field, (4) a sample manipulator 
with furnace, and (5) a fluorescent screen 
and photographic film chamber. Using a 


CoO 
Co304 
Cr,03 
Cu,O 
MoO; 
a Mo.203 


Ts Boss 


voltage of 47.5 kv. and a current of 50 
microamperes in the discharge tube, 
exposures of 2 to ro sec. are necessary. 

A furnace is mounted on the end of the 
specimen manipulator and can be heated 
by an internal heater to 700°C. The 
specimen to be studied is mounted on the 
front surface of the furnace block. Its 
temperature is controlled by a  ther- 
mocouple type of controller. 

Gas-purification trains are included 
in the auxiliary apparatus in order that 
pure Oz, air, Hz, and other gases may be 


Fic. 3.—PATTERNS OF OXIDE FILMS FORMED ON METALS. 


309 


added to the camera when it is isolated for 
this purpose from the vacuum pumps. 
In this manner the chemical reaction is 
carried out at the elevated temperature. 


se 
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One essential condition in the reflection 
method of electron diffraction is that the 
specimen-to-plate distance remain invari- 
ant. This requires that the specimen be 
completely sampled by the electron beam 
and that the surface of the specimen be 
flat. In this apparatus the width of the 
beam at the specimen is about 0.5 mm. 
If one-fourth of the beam diameter is to 
completely sample the specimen, the 
grazing incidence angle of the electron 
beam must be less than. 43 min. To avoid 
any possibility of not sampling the whole 
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specimen, the grazing incidence angle is 
actually set at about 22 minutes. 


SELECTION OF EXPERIMENTS 


The primary purpose of this paper is the 
accumulation of electron diffraction data 
on the oxide films formed on the metals 
iron, cobalt, nickel, chromium and copper 
as a function of the time, temperature 
and pressure of the oxidation process and 
the surface treatment of the metal. 
This information will be used to provide 
a background for the interpretation of 
the electron diffraction studies on alloys 
of these metals in a subsequent paper.” 

The experiments chosen are designed 
to study the following general problems: 

1. The nature and structure of oxide 
films formed in vacuum at various tem- 
peratures. 

2. The effect of several abrasion and 
polishing techniques on the nature of the 
oxide film formed on iron for a particular 
oxidation process. 

3. The nature of the low-temperature 
(170° to 300°C.) oxidation process on pure 
iron. 

4. The existence diagrams for the oxide 
films formed on pure iron for an air 
atmosphere and an oxygen atmosphere 
as a function of time, temperature and 
pressure. 

5. The existence diagrams of the oxide 
films formed on cobalt, nickel, chromium 
and copper. 

6. The stability of oxide films formed 
on pure iron to heating and cooling 
processes. 

Pure iron is selected for the investiga- 
tion of effects of different methods of 
abrasion and polishing on the nature of the 
oxide film formed for a particular oxida- 
tion process, for several reasons: 


1. Quantities of iron are available in the - 


proper form and degree of purity desired. 

2. Iron is readily oxidized at low tem- 
peratures and the oxides formed usually 
give good diffraction patterns. 
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3. Iron makes possible a check of the 
experimental work performed by other 
investigators. 

Cobalt, nickel, chromium, and copper 
are included in this study because many 
of the alloys that are of interest contain 
these metals. The authors intend to 
extend their study to other metals later on. 


PREPARATION OF SPECIMENS 


The technique of preparing the surface 
for study is extremely important, since 
the diffraction of the electrons impinging 
on the surface is markedly affected by: 
(1) the flatness of the surface, (2) the 
area exposed to the beam, (3) the nature 
and size of the asperities present, and 
(4) the presence of impurities. According 
to Thomson and Cochrane,!? a clean, flat 
and slightly matted surface of the materia] 
should be obtained. 

For many applications the specimen is 
ground on various grades of polishing 
paper, using either benzene, kerosene 
or a solution of paraffin in kerosene as a 
lubricant and aid in the prevention of 
oxidation of the metal. After removal 
of the lubricant, the specimens are washed 
in absolute alcohol. The specimens may 
also be gently etched in order to remove 
surface oxide films. However, extreme 
care must be observed to remove traces 
of impurities left on the surface by the 
etching treatment. 

The treatment of the surface prior to 
oxidation is of considerable importance 
for electron diffraction by the reflection 
method. A finely abraded surface con- 
taining a large fraction of crystallites 
that can be penetrated by the electrons 
gives sharp, intense patterns. If the 
crystals are too fine, there is diffuseness, 
owing to poor resolution by the individual 
crystals. However, if the crystals are 
too coarse, there is either the high back- 
ground associated with grazed crystals 
or extinction due to absorption. Nelson? 
recommends grinding with successively 
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finer grades of dry emery paper, ending 
with light abrasion with 4/o grade. 
Jackson and Quarrell' found that the 
nature of the initial surface preparation 
has an effect on the oxide subsequently 
formed. All diffraction patterns were 
obtained after oxidizing for one minute 
at 400°C. Extremely coarse finishes pro- 
duced with 1F emery paper or extremely 
fine finishes produced by micropolishing 
or buffing or with 3/o paper gave a pattern 
of alpha Fe.O; while the magnetic oxide 
was found on finishes produced by 1/o or 
2/0 paper. They explained the latter 
result as due to the formation of a maxi- 
mum surface area. This should result in a 
decrease in effective oxygen concentration. 
Recently Vernon, Wormwell and Nurse?® 
have studied the effect of polishing on the 
surface film formed on chromium-nickel 
18-8 stainless steel by chemical analyses 
of the oxide films. They have found that 
the higher the degree of polishing, the 
thicker is the resultant oxide film and the 
greater the change in the chromium-to- 
iron ratio in the surface oxide. This work 
indicates that a high degree of polishing 
is to be avoided if the surface is to take 
part in subsequent chemical reaction. 
During the course of this study it was 
felt that a more precise method should be 
developed for the preparation of the surface 
than the usual rubbing of the specimen 
on polishing paper under a lubricant. A 
precision abrader!! was developed to 
prepare flat, clean, oxide-free abraded 
surfaces. To minimize formation of oxide 
film and change in surface composition, 
the heat generated in the abrasion process 
was reduced without using lubricants, by 
continually exposing fresh abrading surface 
to the metal. This avoids metal to metal 
contact as a result of the polishing particles 
picking up the metal from the surface. 
The abrading treatment of a particular 
sample is determined by its hardness. 
Soft materials require less pressure and 
more frequent changes of polishing paper. 
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All samples in this study were abraded 
with polishing papers 1, 1/0, 2/0, 3/o and 
4/0; 100 strokes of 5-in. length were made 
with each paper. For the 1, 1/0, 2/0, 3/o 
papers, 10 strokes were made on each 
section of paper. The specimen was turned 
90° after each set of 10 strokes. On the 
4/o paper, 10 series of to strokes each 
were made with the specimen rotated 
go° after each stroke. The resultant sur- 
face is a set of fine scratches orthogonal. 
to asecond set. The specimens are mounted 
in the instrument with the abrasion direc- 
tions at 45° to the electron beam. Following 
the abrasion treatment, the specimens 
can be given any pretreatment desired 
before carrying out the oxidation in the 
electron diffraction camera. The samples 
in this study were given no pretreatment 
before oxidation. A list of the samples and 
their analyses is given in Table r. 


TABLE 1.—Analysis of Metal Specimens 


Heat- 


Metal Analysis treat- A pad 
. ment 
Fence Research Puron None] 4/0 
99.96 per cent 
Cararer's Electrolytic P, 0.003; Al,| None| 4/0 
0.033; Al2O3; 0.004; C 
0.0015 
ING ohn. os Commercial grade, C,| None 4/0 
0.02; Mn. 0.29; Si, 0.02; 
Cu, 0.07; Co, 0.80; FeO, 
0.15 
Cxiacutes Electroplated on O.F.H.C.} None | 4/0 
u 
Guten. Oxygen-free high-conduc-} None | 4/0 


tivity 


EXPERIMENTAL PROCEDURE 


All of the samples used in the existence 
diagram study were given identical treat- 
ments of abrasion, oxidation and cooling. 
The specimens were abraded in the pre- 
cision polishing machine fishing with 
4/o paper and heated in vacuo to the 
proper temperature, then a diffraction 
photograph was taken. The sample was 
then oxidized for one minute at I mm. 
oxygen pressure. The apparatus was 
evacuated and a diffraction picture was 
taken, This procedure was repeated for 
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the 5, 30 and 6o-min. oxidation periods. 
Purified hydrogen at 0.05 atm. pressure 
was then admitted to the apparatus and 
the sample was allowed to cool to room 
temperature. The apparatus was pumped 
out and the final diffraction photograph 
was taken. The sample was cooled in 
hydrogen in order that the cooling rate 
might be increased, and to check whether 
reduction would take place under these 
conditions. 


METHOD OF INTERPRETATION 


In discussing experimental results, the 
following information obtained from each 
film is used: 

1. The radii of the diffraction rings, 

2. The intensities of the various rings 
relative to the most intense diffraction 
ring, 

3. The presence of orientation effects 
in the pattern as shown by the presence 
of intense spots and arcs, and 

4. The sharpness or diffuseness of the 
diffraction pattern. 

By using a stepwise oxidation method 
and the information listed it is possible 
to identify the oxidation products as 
well as their physical state as oxidation 
proceeds. Although it is true that there 
is not a one to one correspondence of 
X-ray and electron diffraction data, yet 
the agreement is close enough to permit 
identification. It is also possible to make a 
comparison of the strong lines of an 
experimental pattern of a pure metal 
oxide with that obtained from an oxidized 
alloy containing the metal. From such 
comparisons it may be possible to estimate 
roughly whether two oxides are present 
in equal proportions, or whether only 
traces are present. 

Frequently certain lines are missing 
in many patterns and extra lines not 
found in X-ray patterns appear in others. 
These phenomena are not well understood 
but, owing to the relaxed third Laue con- 
dition, effects like these may be expected. 
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Thin films frequently show pronounced 
orientation effects. These may have im- 
portant influences on the chemical and 
physical properties of the films. The step- 
wise oxidation mfethod used may afford a 
clue as to whether orientation is directly 
a function of the metallic substrate or 
indirectly through the formation of strains 
between the metal and oxide lattice. __ 5 

In the presentation of the data in the t 
form of existence diagrams, it is possible _ 
that variations in film thickness may have- : 
appreciable effects on the oxides formed. 
In all the work involved in the existence 
diagrams, the pressure of O2 was approxi- ;. 
mately 1 mm. The time intervals are } 
calculated from the admittance of the 
oxygen gas to the beginning of the pumping 
period. In general, about 5 min. elapsed, 
to pump out the system and take the 
diffraction photograph. There may be, 
therefore,. a considerable error involved 
in the use of the time interval calculated 
in this manner for short time intervals of 
oxidation. 


RESULTS 
Vacuum-formed Films 


- The nature of the oxide film on iron 
and two of its alloys with chromium 
formed in the vacuum of the camera was 
studied over the temperature range of 
25° to 500°C. In this study a final polish 
was given with a fine grade of aloxite 
(Al,O;) under absolute methanol on a 
polishing cloth. The results of this study 
are shown in Table 2. The specimens were 
heated to the proper temperatures and 
diffraction pictures taken in situ. 

The formation of oxides in vacua of 
10 to 10-5 mm. is a well-known phe- 
nomenon. Calculations indicate that, if 
the pressure is the limiting factor in the 
reaction at certain temperatures, ap- 
preciable films may be formed. These 
calculations show that at 500°C. a 100A. 
film of Fe 304 would be formed at a pressure 
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of 10-4 mm. of O2 in about two seconds. 
At lower temperatures films of this 
thickness are not formed except over a 
long period of time. Therefore, at pressures 
obtainable in vacuum apparatus used 
today it is very difficult to eliminate the 
vacuum-formed oxide film. 


TABLE 2.—Oxide Films Formed in Vacuum 


of Camera at 25° to 500°C. 
On Fe, 0.87 CrFe, 1.00 CrFe 
Surface Finish, Polished Aloxite 


pera- 
ture, Fe 0.87 Cr Fe 1.00 Cr Fe 
Deg 
Cc. 
25 | very poor very poor very poor 
Vis V.D. V.D. 
I0o | very poor very poor very poor 
V.D. V.D. V.D. 
200 | very poor very poor very poor 
V.D. VED: V.D. 
300 | Fe, Fe30., Cr or Fe, Cr or Fe, 
a-Fe203 5 Fe304 FesO4 
a-Fe2O3 or a-Fe2O3 or 
Cr2O3 S. Cr2O3 S. 
350 | Fe, Fe3Ou, Cr or Fe, Cr or Fe, 
: a-Fe203 S. Fe304 Fe304 
a-Fe203 or a-Fe2O3 or 
Cr203 S. Cr203 S. 
400 | Fe, FesOu, Cr or Fe, Cr or Fe, 
a-Fe2O3 S. Fe304 Fe304 
a-Fe203 or a-Fe2O3 or 
Cr203 S. Cr203 S. 
500 | Fe, FesOs D. | Cr or Fe, Cr or Fe, 
. Fe304 Fe304 
a-Fe2O3 or a-Fe2O3 or 
Cr203 S. Cr2032 S. 


V. Very. D. Diffuse. S. Sharp. 


On iron the patterns obtained below 
300°C. were too poor for identification 
of the oxidation products; Fe, Fe;04 and 


alpha Fe,O; were found at 300° and 


400°C., while a mixture of Fe and Fe:0. 
was found at 500°C. The latter pattern 
was diffuse while the former was sharp. 
This indicates that either the new oxide 


that forms is diffuse or that alpha FeO; 


is transforming into Fe;Ou. 

The chrome irons gave patterns of Fe, 
Fe,O, and alpha FeO; in the range 300° 
to 500°C. Below 300°C. no oxides could 
be identified. On these samples it is 
possible that Cr and Cr,O3 may also be 


present. Since the patterns were sharp 


at soo°C., it is possible that the small 
percentage of chromium has stabilized 
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the oxide system or the transition from 
alpha Fe,O; to Fe;0,4 has been elevated 
to a higher temperature. 


Effect of Surface Preparation 


All of the samples of iron used in this 
study were oxidized at 400°C. in one 
atmosphere of air. The results are shown 
in Table 3 and in Table 4, where a com- 


TABLE 3.—LEffect of Abrasion on Oxide 
Films Formed on Fe at 400°C. and 1 
Atmosphere Air 


Abrasion sas Diffraction Rat- 
Technique Condition Pattern ing 
100 3/0, 100 | 25° in vacuo no pattern 
4/0 
300 Aloxite | 400° in vacuo poor patiery I 
Oxidized 1 min. | Fes04, a-Fe203 
at 400° V.S. 
100 3/0, 100 | 25° in vacuo poor pattern 
4/0 V.D. 
400° in vacuo | FesOu, trace 4 
a-Fe203; S. 
Oxidized 1 min. | Fe304, trace 
at 400° a-Fe203 8 
100 2/0, 100] 25° in vacuo Fe, FesO4 D. 
3/0 400° in vacuo | Fe, FesO4 D. 3 
Oxidized 1 min. | FesO4, a-Fe2Os 
at 400° Ss. 
100 1/0, 100 | 25° in vacuo Fe D. 
2/0 00° in vacuo | Fe, FesO4 D. 2 
xidized r min. | Fe304, a-Fe2Os 
at 400° Ss. 
50 I, 100 1/0 | 25° in vacuo Fe D. 
00° in vacuo | Fe, Fe304 D. 6 
xidized 1 min. |} FesO4, a-Fe2Os | * 
at 400° D. 
I0o I 25° in vacuo re, trace FesO4 
400° in vacuo a4 trace Fe;04) 5 
Oxidized 1 min.| FesO4, a-Fe203 
at 400° 10), 


V. Very. D. Diffuse. S. Sharp. 


parison is made with the results obtained 
by Jackson and Quarrell.! The procedure 
used by Jackson and Quarrell' for obtaining 
a general idea of the size of the crystals 
has been adopted. According to their 
study the spot structure of the diffraction 
rings is just visible when the specimen is 
composed of medium crystals of about 
too to 150A. Small crystals (50 to 100A.) 
are observed usually in the patterns. 

No appreciable effect is noticed for 
one oxidation condition on the chemical 
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structure of the oxide film for the six 
abrasion methods used. However, a con- 
siderable effect is noticed on the crystal 
size and sharpness of the pattern. Finer 
polishing materials, such as aloxite, pro- 
duced sharper lines in the patterns ob- 
tained after oxidation. Coarser polishing 
papers produced better patterns of the 
metal before oxidation. A compromise 
was made in the choice of 4/o polishing 
paper as the final step in the abrading 
procedure. 


TABLE 4.—Effect of Surface Finish on 
Oxide Films Formed at 400°C in 1 At- 
mosphere Air 


Oxide 
Film 


Abrasion 
Technique 


Experi- 


Orienta- 
mentor 


Crystal 
tion i 


ize 


J.andQ.|1F a-Fe203 random | very 
small 
Authors | roostrokes cans +] random | medium 
e304 
J. and Q. Fe3:04 random | very 
small 
Authors a-Fe2O; +] random | medium 
J.and Q. random | medium 
Authors random | medium 
J. and Q. random | medium 
Authors random | small 
2/0, 100 
No. 3/0 
J. and Q. random | small 
Authors random | small 
+ FesOu 
J.and Q. | Buff a-Fe203 random | medium 
Authors a-Fe2O; +] random | small 


Fes04 


4 Present as trace. 


Table 4 indicates that our results are 
not in good agreement with those obtained 
by Jackson and Quarrell.! They secured 
different oxidation products for different 
polishing finishes whereas we secured the 
same products. In both studies no orienta- 
tion effects were found. In our study 
crystal size decreases with increasing 
polish, whereas their data show no direct 
correlation between polish and crystal 
size. 
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Low-temperature Study on Iron (100° to 


400°C.) 


Considerable disagreement exists in 
the literature on the nature of the low- 
temperature oxidation of iron. In order 
to clarify the picture and to provide a 
proper background for the work on alloys, 
a study has been made of the low-tem- 
perature oxidation of pure iron (Puron). 
A summary of the low-temperature oxida- 
tion of pure iron is shown in Fig. 4. This 
chart shows the existence regions for the 
several oxides of iron on a time-tempera- 
ture scale. In the interpretation of the 
chart it should be remembered that 
gamma FeO; and Fe;0,4 probably are 
indeterminate by electron diffraction. 

The chart has been divided into several 
existence regions. The boundaries of the 
several regions are not rigidly fixed, since 
the structures formed are sensitive to 
variables that cannot be uniquely deter- 
mined in successive samples. 

At 170°C. a mixture of alpha Fe and a 
cubic spinel type of structure was obtained 
for oxidation times up to 18 hr., followed 
by the occurrence of the spinel alone for 
longer periods of oxidation. At 200°C. 
oxidation again resulted in the occurrence 
of alpha Fe and the cubic spinel. The 
experiment was carried out for only 13 hr. 
Longer oxidation may have caused con- 
version to the spinel. At 240°C. a pattern 
of alpha Fe and spinel was obtained in the 
vacuum of the camera followed by a 
mixture of the spinel and alpha FeO; 
up to o.4 hr. of oxidation and then con- 
version to alpha Fe.Os. 

Iimori* has postulated from X-ray 
evidence a transition of gamma Fe.03 
having a cubic spinel type of structure to 
alpha Fe,03 having a rhombohedral 
structure at 340°C. From our low-tem- 
perature long-time oxidation studies, we 
would place this transition in Fig. 4 at 
about 225°C. Below 225°C. the oxidation 
of pure iron results in the formation of 
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gamma FeO; and above 

formation of alpha Fe.03. 
The experiments made at 240° and 

250°C. indicate that a mixture of these two 


225°C. the 


400) 


350 


VAC 0.05 0.1 0.5 
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3. For thicker films formed at tem- 
peratures up to and including 400°C. and 
up to r hr. of oxidation, a mixture of the 
spinel Fe;O0, and alpha Fe.O; is formed. 


X= O-— Fe204 
O=Fe3 04 

O=c-Fe 
V=7-Fe203 

M= X Fe+ 9-—Fe203 
@= K—Fe2 03 +FesQ 


O =ORIENTED 
S = SHARP 


M= MEDIUM 
O= DIFFUSE 
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Fic. 4.—EXISTENCE REGIONS OF IRON SURFACE OXIDES. 


oxides was formed up to oxidation periods 
of 1 hr. For longer oxidation times alpha 
Fe.03 was formed. Experiments made at 
temperatures of 275°, 300°, 325°, 350° and 
400°C. indicate a transition zone in which 
alpha Fe2Os, spinel, or both of the oxides 
were formed up to oxidation times of 1 hr. 
Longer periods of oxidation result in the 
formation of alpha FeO; alone. At 500°C. 
(Fig. 5), FeO was formed for short oxida- 
tion times and a spinel for longer periods 
of oxidation. 

Our interpretation of these data is as 
follows: 

1. Alpha, Fe,O; is the stable oxide 
formed at temperatures of 225°C. and 
up to 400°C. for long oxidation times. 

2. For very thin films (short oxidation 
times) the transition of alpha FeO; to 
Fe;O, occurs at temperatures as low as 
275°C. 


- 


4. For thick films formed at 500°C. the 
cubic spinel Fe,;0, is the only oxide 
observed. 

These facts would set the transition 
temperature of alpha Fe,03 to FezO, at 
about 425°C. for thick films and at 275°C. 
for extremely thin films. This leaves an 
existence region in which both Fe,O4 and 
alpha FeO; can exist either separately or 
together. 

In comparison with Nelson’s* work, 
(x) the region designated as ‘“‘alpha Fe.03 
diffuse pattern” is absent; (2) the regions 
designated as “alpha Fe + cubic oxide” 
and ‘“‘cubic oxide” are formed at higher 
temperatures; (3) mixtures of alpha Fe20; 
and cubic oxide, either gamma FeO; or 
Fe;0., are found. One important difference 
exists in the experimental procedures 
of the two studies: Nelson? oxidized his 
samples in a separate furnace and took 
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the electron diffraction photographs at 
room temperature, whereas the photo- 
graphs in this study were taken im situ 
at the temperature of oxidation. 


700 


600 
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1 mm. of oxygen for various times and 
temperature is shown in Fig. 5. Vacuum 
microbalance!4 measurements on the film 
thickness of the oxide formed on iron 
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Jackson and Quarrell’ have predicted 
that only Fe,O,4 is stable below 450°C. 
Since they made no distinction between 
Fe;O, and gamma Fe,O3, our results 
indicate that their prediction is valid 
only for thin films. In their oxidation 
conditions, only thin films would be 
formed. 


High-temperature Study on Iron 


The existence diagram of the oxide 
films formed on iron in an atmosphere of 


under various conditions are shown in 
Table 14. No simple correlation appears 


to exist between the film thickness and the. 


existence regions for the several oxides 
of iron. The temperature of oxidation 
appears to be the main factor in deter- 


mining the structure, although time and 


pressure factors are also important. All 
three factors are important in determining 
the film thickness. : 

The short-time interval section of the 
diagram agrees well with the predictions 
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of Jackson and Quarrell! that only Fe;0,4 
is found below 450° to 515°C. and FeO 
above 515°C. Iimori? has shown that the 
Fe30, to FeO transition occurs at about 
700°C. instead of between 450° and 
600°C., as predicted by this work and by 
Jackson and Quarrell.! However, the 
alpha Fe,0; to Fe;0; transition agrees 
well with Jimori’s* results. Fig. 5 and 
Table 5 show that transitions occur as a 
function of the temperature variable for a 
constant oxidation time. 

The 30 and 60-min. oxidation intervals 
show the same transitions. At 250°C. 
both gamma Fe.O; and alpha Fe,O3 are 
present on the surface. At 300°C. only 
alpha Fe.O3 is observed. At 400°C. a 
mixture of alpha FeO; and Fe;0, is 
obtained. These results are in agreement 
with those previously discussed. The 
Fe,;0, to FeO transition occurs at about 
550°C. for thick films. 

For thin films the Fe;0, to FeO transi- 
tion occurs at about 450°C., as evidenced 
by an inspection of the one-minute time 
interval. It appears, therefore, that the 
Fe;0, to FeO transition temperature 
may be a function of the film thickness. 

We realize that the existence chart 
may have certain inaccuracies. Some of 
the difficulties involved in the experi- 
mental work are: 

1. Reproducibility of the surfaces by 
abrasion in terms of the nature of the 


asperities formed and the prevention of 


formation of surface oxides. 
2. Accurate measurements of surface 
temperatures, since these are affected by 


changes in the radiation characteristics 
of the sample during oxidation. 


3. Prevention of vacuum-formed films 
at high temperatures in the vacuum 
apparatus available. 

4. Accurate determination of the time of 
oxidation. 

All of these factors may affect the oxida- 
tion products obtained at any given time 
and temperature. 
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The existence diagram may not be 
directly correlated with thermodynamic 
data obtained from equilibria studies of 
the several oxides using bulk samples, 
since no attempt has been made to permit 
the various oxides to come to equilibrium. 
In this work, for the most part, we are 
dealing with thin films of oxides in con- 
tact with the metallic substrate. In some 
cases, for certain film thicknesses, equilibria 
may have been established but in others 
equilibria may not have been attained. 
It is our purpose to use the chart in a 
practical way in comparison with experi- 
mental data on alloys secured under com- 
parable experimental conditions. 


Oxide Films Formed on Cobalt 


Cobalt has a hexagonal close-packed 
structure at room temperature. The 
existence diagram of the oxides as given 
in Fig. 6 shows the occurrence of two 
oxides. Data for the diagram are col- 
lected in Table 5. At low temperatures 
and for short oxidation times CoO is 
formed, while Co;0, appears as oxidation 
proceeds. At 500°C. a mixture of CoO 
and Co30, occurs until the 60-min. oxida- 
tion, where only CoO is found. Oxidation 
at 600° and 700°C. shows only the presence 
of CoO throughout the complete time 
range. It appears, therefore, that CoO 
is the oxide stable in contact with the 
metal at temperatures up to 500°C. 
As the film thickens, Co;0, begins to 
form on the surface, and when the film 
becomes very thick, as at 500°C. and 
6o-min. oxidation, only CoO is found. 

The transitions that occur as functions 
of the temperature variable for constant 
oxidation times show that Co;O, is stable 
in the form of thin films up to 500° to 
600°C., while the transition to CoO alone 
occurs between 400° and 500°C. for thick 
films. 

We have found no evidence for the 
formation of Co,03. Our results are in 
agreement with those of Arkharov and 
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Voroshilova,! who used X-ray diffraction 
and found CoO in contact with the metal 
and Co;0, concentrated in the outer layer. 
If Co,O; were present, X-ray diffraction 


Pe es” 
_ 
-— 
- = 
- 
_ 
~ 
-_~ 
~ 


30 
TIME (MIN.) 


AN ELECTRON DIFFRACTION STUDY OF OXIDE FILMS 


tion in the thicker films. There may be 
stresses set up that are caused by the 
difference in volume of the oxide and the 
metal. These stresses may permit growth 
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was not sufficiently sensitive to prove its 
existence. 

All of the patterns were sharp and 
showed random orientation up to 500°C, 
At 600° and 700°C. the patterns showed 
orientation effects. At 600°C. the patterns 
in vacuo and after one-minute oxidation 
were sharp and unoriented. After 5-min. 
oxidation, orientation occurred. In this 
case orientation effects caused by attempts 
at matching of the metal lattice spacings 
with spacings of the superficial oxide 
film are not important, since the effects 
are not observed for thin films. However, 
the metal substrate has some function, 
whatever it may be, in producing orienta- 


more quickly and with lower energy in 
certain preferred directions. Stresses may 
be caused also by differences in the expan- 
sion coefficients of the metallic substrate 
and the surface oxides. 

Table 5 shows that all oxide films were 
reduced to the metal at temperatures of 
400°C, and above. This indicates that CoO 
is easily reducible under the conditions of 
hydrogen cooling used in the experiments. 


Oxide Films Formed on Nickel 


Nickel is a face-centered cubic metal. 
Although three oxides of nickel have been 
investigated by X-ray diffraction, the 
existence diagram shown in Fig. 7 indi- 


ee 
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cates only the presence of NiO throughout 
the complete time-temperature range. 
Table 5 and Fig. 7 show that the physical 
structure of the oxide films obtained up to 
500°C. 
patterns. At temperatures above 500°C. 
sharp patterns are obtained. 

Orientation effects begin to appear at 
600°C. At 7oo°C. thin films give sharp, 
unoriented patterns followed by orientation 
effects as the film thickens. The explana- 
tions given for cobalt would apply for 
these effects. The existence diagram is 
quite simple, since no chemical transitions 
occur. Cooling in He caused reduction of 
some of the oxide to the metal. NiO does 
not appear to be reduced as easily as CoO 
under the conditions used. 


is the type that gives diffuse . 


319 
Oxide Films Formed on Chromium 


The samples used in these experiments 

were made by plating chromium on 
cylinders of oxygen-free high-conductivity 
copper that had been finished in the 
precision abrader. The plating thickness 
was roughly 0.020 in. The samples were 
then abraded before oxidation. 

Chromium is a body-centered cubic 
metal when in the massive form at room 
temperature. It is reported to be cubic 
and have the alpha manganese structure 
when electroplated. The results of this 
study, shown in Table 6 and Fig. 8, indi- 
cate that Cr.O3 is the only oxide observed. 
Three distinct physical regions are evident 
where the sharpness of the patterns and 


TABLE 5.—Oxide Films Formed on Iron, Copper and N ickel at One Millimeter Oxygen 


Pressure 
a SS 


Diffraction Patterns 


Oxida- 
nos 
Metal ems 
cea) Preoxidation | Oxid. 1 min. | Oxid. 5 min. | Oxid. 30 min. | Oxid. 60 min. eye 
Deg. C 
Fe 250 | Fe, FesOu Fe3O4 (8.43) | a-Fe20s:, a-Fe203, a-Fe203, a-Fe203, 
5 . M. Fe30. (8. Fes04 (8. FesO« (8.43) | FesO« (8.43) 
(8.43) 5 oe 4 (8.43) te (8.43) beer 4 Oe 
Fe 300 | Fe D. poe (8.43) he (8.43) | @-Fe20s, S a-Fe203 S. a-Fe203 S. 
- | FesOu (8. Fes04 (8.42) | «-Fe20;, a-Fe20;, a-Fe20s, 
oe a eb load vs. ead S. hl Bei0« i. 42) es (8.42) ees (8.42) 
Fe 500 |Fe M. yA (4.35) Foe (8.43) Boies (8.43) FeO (8.43) PeiG (8.43) 
O (4. FeO (4. PO 3 FeO (4.34) FeO (4.34) | Fe, FesOu 
Ae Soe Bee esa) (1 PS Se) 3.0. (4.38) S.0. 5.0. (8.42) 8 
Fe joo | FeO (4.34) FeO ase Ee (4.34) Ea (4.34) ee (4.34) ae ie 
VBR OF Boy 
VD, CoO (4.36. eo ice 36), CO (Ge 36), CoO (4.36), aoe pas 36) 
oe Boe Ce Bot 2 eae (8.18) Cows (8.18) cae (8.18) 
), CoO (4.37) S. c fe) S. | CoO (4.37), Cao (4.37), | Co S. 
Co 400 |Co D 00 (4.37) 00 (4.37) Gods ay 5 Go.0 Day 
Co- D) CoO (4.37), | CoO (4.37), cso (4.37), cso (4.37) S.| Co V.D. 
Se sta Cow (8.29) ages (8.20) Sa (8. 20) 
Co 600 |Co D. CoO (4.36) S. G0 (4.36) CoO (4-36) | C00 (4-36) Co D. 
Co #00 | Co D. ve (4.39) G0 (4. 39) eae (4.39) ee (4.39) No pattern 
i Ni O (4.20 NO. 1 20), oe MIO (4.20) 
Ni 300 No pattern NiO, 20) NiO (a 20) is Xe ) HOM 
Ni 4oo | No pattern NiO (4.20) D. | NiO (4. 20) D. | NiO (4.20) D. | NiO (4.20) D. Ni Nio (4.20) 
Ni 500 Ni 8. NiO (4.22) S. | NiO (4.22) S. | NiO (4.22) S. ae .22) Ne NiO (4.22) 
Ni 600 | NiO (4.26) S. | NiO (4.26) nO (4.26) Bie (4.26) ak (4.26) at NiO (4.26) 
2 SO; 10: DT 
Ni 700 NiO (4.22) S. | NiO (4.22) S. | NiO (4.22) S. NiO‘ ae 22) Bey. (4. 22) Mi NiO (4.22) 


V. Very. O. Oriente 


ee ae ee ee 
7 d. S. Sharp. M. Medium. D. Diffuse. 
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orientation effects increase with increasing 
temperature. Cooling in hydrogen had no 
appreciable chemical or physical effect 
on the oxide films throughout the complete 
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only oxide observed. The physical state 
of the surface changed so that the patterns 
became sharper as the temperature in- 
creased. Orientation effects showed up 
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temperature range. The oxide film appears 
to be stable over a wide variety of tem- 
peratures and film thicknesses. These 
facts may be related to its protective 
behavior to oxidation and corrosion. 


Oxide Films Formed on Copper 


Copper is a face-centered cubic metal 
that is easily oxidized at moderate tem- 
peratures. A lower temperature range 
(100° to 500°C.) therefore was chosen 
for this study. Data obtained in this 
study are given in Table 6 and the existence 
diagram in Fig. 9. Over the complete 
time-temperature range Cu,O was the 


only at 500°C. At all temperatures above 
200°C. the oxide was reduced to the metal 
when cooled in hydrogen. Cu,0 may, 
therefore, be reduced at moderate tem- 
peratures. The results obtained are in 
agreement with those of Germer® and 
Smith.!° 


Effect of Cooling Oxide Films Formed | 
on Iron 


Jackson and Quarrell! have reported 
that oxide films formed at high tem- 
peratures revert to Fe;04 when cooled to 
room temperature. This effect may result 
from a transition of the whole oxide layer, 
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or the oxide formed in the vacuum of the 
camera as the specimen cools may have a 


-different structure from the body oxide. 


To test the effect of the nature of the 
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gave a sharp pattern of cubic Fe;O, at 
25°C. This is in agreement with the 
results obtained by Jackson and Quarrell.! 

The second sample was cooled under 
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cooling medium, we have investigated 
three methods of cooling thé specimen: 
(1) cooling in vacuo, (2) cooling in oxygen, 
and (3) cooling in hydrogen. 

The results of this study are given in 
Table 7. All samples were oxidized for 
1 to 60 min. in 1 mm. Oz. With the excep- 
tion of minor differences in the crystal 
size and type of pattern, the three samples 
gave identical results up to 60 min. oxida- 
tion. This is to be expected, since the 
experimental ‘conditions were identical 
within the limits of our control. 

In the first experiment the sample was 
cooled in the vacuum of the camera and 


I mm. oxygen pressure to 25°C. where 
the pattern showed the presence of alpha 
Fe.0; in larger amounts than Fe;O.. 
This result was not unexpected, since 
oxidation times longer than 60 min. 
should favor the existence of alpha Fe203 
at a lower temperature, as shown by 
Fig. 5. 

The third sample was cooled in 0.05 
atmosphere pressure of hydrogen to 25°C. 
A partial reduction of the oxide to the 
metal occurred and Fe;0, was the only 
oxide noted. 

No appreciable differences in lattice 
parameters of the oxides were noted for 
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the three experiments. In line with the 
interpretation of the existence diagram of 
Fe in Fig. 5 we have called the room- 
temperature oxide gamma Fe20s. Lattice 
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Cooling Iron Oxide Films in Oxygen and 
Reheating in Vacuo 

In order to determine whether the 
transitions that occur on cooling in oxygen 
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parameter calculations give an Ao of 
8.36A for this oxide. Similar calculations 
on the cubic lattice after cooling of the 
oxides formed at high temperatures gives 
values of Ao of 8.43A. We have assigned 
the formula Fe;0, to this lattice, which is in 
agreement with Jackson and Quarrell.’ 

The results indicate that the method of 
cooling does have an effect on the, oxida- 
tion products obtained. Cooling in He 
does cause partial reduction of the high- 
temperature oxide. Cooling in Oz causes 
oxidation during the cooling process and 
has an effect on the oxide equilibrium. 
Since only Fe304 was observed when the 
oxide was cooled in vacuo and a mixture 
of Fe;0, and alpha FeO; was obtained 
when cooled in Os, the pressure of O2 has 
an effect on the oxidation products 
obtained. 


are repeated if the sample is reheated in 
vacuo, a sample was oxidized for 30 min. 
at r mm. O2 at 700°C. Photographs were 
taken in 100° intervals in the cooling 
and heating cycles. The results of this 
study are shown in Table 8. 

Cooling in 1 mm. Oz to 600°C. resulted 
in a transition from FeO to a mixture 
of Fe;04 and alpha Fe.03. Since Fe30,4 
has an existence range at higher tempera- 
ture than alpha Fe,O3, the transition of 
FeO to Fe3;04 occurred at a temperature 
between 600° and 700°C. This is not in 


agreement with the transition occurring — 


along the 30-min. oxidation interval in 
Fig. 5. However, going up, with each 
temperature variable for constant oxida- 
tion time in Fig. 5 the films become 


thicker. In other words, the films are ~ 


thicker with increasing temperature, where- 
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TABLE 6.—Oxide Films Formed on Chromium and Copper at One Millimeter Oxygen Pressure 


Oxida- Diffraction Patterns 
arte 
em- 
Metal pera. 
pif, | Preoxidation | Oxid. 1 Min. | Oxid. 5 Min. | Oxid. 30 Min.| Oxid, 60 Min. er 
Cr 300 Cr2O3 V.D. Cr2O3 V.D. Cr203 V.D Cr20;3 V.D. Cr203 V.D. Cr203 V.D. 
Cr 400 No pattern Cr20;3 V.D. Cr20;3 V.D CreO3 V.D.O. | Cr2O3 V.D.O. | Cr2Os V.D.O. 
Cr 500 | CreO3 V.D.O. | Cr2O3 M.O. Cr203 M.O. Cr2O3 M.O. Cr203 M.O. Cr203 M.O. 
Cr 600 Cr203 D.O. Cr2O3 D.O. Cr2Q3.8.0. Cr5Oz3 S.O. Cr20; S.O. Cr203 S.O. 
Cr 700 Cr2O3 M.O. Cr203 S.0. Cr203.S.0. Cr203 S.0. Cr203'S.0. Cr20; S.O. 
Cu 100 Gab (4.32) ad (4.32) 4 (4.32) ree (4.32) cone (4.32) eed (4.32) 
Cu 200 cu a 62) S. |:‘CuzO (4.32) S. Cu0 (4.32) Cus0 (4.32) Cu20 (4.32) S. cuso" (4.32) S. 
Cu 300 | Cu (3.63) D. | Cu20 (4.33) S.| Cu20 (4.33) S. Cu20 (4.33) S. re (4.33) Cu (3.63) D. 
: Cu 400 | Cu (3.63) D. eat (4.33) Cuz0 (4.33) S. Cuz0 (4.33) S. Cu:0 (4.33) S.| Cu (3.63) S. 
Cu 500 | Cu (3.63) cud ie 32) Cu20 (4.32) Cu20 (4.32) Cu20 (4.32 Cc .63) D. 
V.D. D.O. 50a. So a 


O. Oriented. S. Sharp. M. 


Note: V. Very. 


as in the cooling experiment the films are 
becoming thicker as the temperature is 
lowered. It appears, therefore, that the 
FeO to Fe;0, transition may be sensitive 
to film thickness. This is in agreement 
with the results discussed on the high- 
temperature oxidation of iron. 


Medium. D. Diffuse. 


the relative intensities of the diffraction 
patterns. This is in agreement with Fig. 5 
except that only alpha Fe,O3; might be 
expected at 300°C. Below 300°C. alpha 
Fe.O3 is present in larger amounts than 
the spinel type of oxide, which we shall 
call gamma Fe203. 


The sample was then heated in vacuo 
to the proper temperature and held at 
that temperature for 10 min., then a 


From 600° to 300°C. alpha Fe2O3 was 
present in smaller amounts than Fe;Os. 
This comparison is made on the basis of 


TABLE 7.—Ovxide Films Formed on Fe at 700°C. and t mm O2 Cooling in Vacuo, O2 and He 


UE et Conditions Diffraction Patterns hai Type of Pattern 

A 
700 abraded FeO (4.33) small medium 
700 oxid. 1 min. FeO (4.33) small medium, oriented 
700 oxid. 5 min. FeO (4.33) medium sharp, oriented 
700 oxid. 30 min. FeO (4.33) medium sharp, oriented 
700 oxid. 60 min. FeO (4.33) medium sharp, oriented 

25 cooled in vacuo FesO« (8.43) medium sharp 

B 
700 abraded FeO (4.34) small medium 
700 oxid. 1 min. FeO (4.34) small medium, oriented 
700 oxid. 5 min. FeO (4.34 medium sharp, oriented 
700 oxid. 30 min. FeO eK medium sharp, oriented 
700 oxid. 60 min. FeO medium sharp, oriented 

ie 25 cooled in r mm Oz neo; > Fes0« (8.43) medium sharp. 
700 abraded FeO (4.34) small diffuse, oriented 
700 oxid. r min. FeO (4.34) medium sharp, oriented 
700 oxid. 5 min. FeO (4.34) medium sharp, oriented 
700 oxid. 30 min. FeO (4.34) medium sharp, oriented 
700 oxid. 60 min. FeO (4.34) medium sharp, oriented 

25 cooled in He Fe, FesO4 (8.42) medium sharp 


A. Cooled in vacuo. 


B. 
Cc. 


Cooled in O2. 
Cooled in He. 
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TABLE 8.—Oxide Films Formed on Iron at 700°C. and One Millimeter Oxygen 


Temperature, 


Effect of Cooling in O2 and Reheating in Vacuo 


Deg. C Conditions Diffraction Pattern Crystal Size Type of Pattern 
700 abraded FeO (4.34) small medium | 
700 oxid. 30 min. FeO (4.34) medium sharp, oriented 
600 cool in 1 mm. Fe304 4 43) > a-Fe20; medium sharp 
500 cool in I mm. FesO4 (8.43) > a-Fe203 medium sharp 
400 cool in I mm. FesO« (8.43) > a-Fe203 medium sharp 
300 cool in 1 mm. FesO« (8.43) >_a-Fe203 medium medium 
200 cool in I mm, a-Fe2O3; > Fes0O.4 Pe -43) medium medium 
100 cool in 1 mm. a-Fe20O3 > Fes0« (8.43) medium medium 
200 heat in vacuo a-Fe:03 > Fes0« (8.43) medium medium 
300 heat in vacuo? Fe304 (8.43) > a-Fe20: medium medium 
400 heat in vacuo? FesO« (8.43) > a-Fe20: medium sharp 
500 heat in vacuo? Fes0«4 (8.43) > a-Fe203 medium sharp 
600 heat in vacuo? medium sharp 
700 heat in vacuo? medium sharp 
700 oxid. 5 min. medium slineps oriented 
700 Imm, He, 10 min. medium medium, oriented 


70 cool in He 


diffuse 


small 


« Hold for 10 minutes. 


diffraction picture was taken. During the 
heating period oxidation occurs in the 
vacuum of the camera but the rate is 
very much lower than it was during the 
cooling period. The results of the heating 
process are in agreement with the cooling 
process up to 500°C. At 600°C. FeO is 
the only oxide observed. This is in agree- 
ment with Fig. 5. 

Both cooling and heating have effects 
on the crystal size and the type of patterns 
obtained. In general the patterns became 
more diffuse as cooling progressed and 
sharper as the sample was heated up. 


Heating tends to cause the crystals to 
grow. 


Effect of Heating and Cooling Iren Oxide 
Films of Known Thickness 


Since previous experiments indicated 
that transitions in the iron oxides might 
be dependent upon the thickness of the 
film, four experiments were performed 
on oxide films of known thickness. Data 
for the determination of the thickness 
were obtained from vacuum microbalance 
measurements on pure iron.!4 That tem- 
perature of oxidation was selected where 


TABLE 9.—Effect of Heat-treatment on Iron Oxide Films of Known Thickness 


Tem- 

pera- 

ture, ° ° 

Deg. C 428A. Film 776A. Film 

250 | FesO4 M.O. 

300 Fe304, a-Fe20; S 
350 | FesOu M.O. Fe30, S. 
375 Fe;04 S. 
400 Fe304 M. 
450 | FeO, trace a-Fe20s; S.O. 

500 FeO S. 
550 | FeO S.O. 

600 

650 | FeO S.O. 

600 | FeO S.O. 

550 

500 | FeO S.O. 

450 | FeO S.O. FeO S. 
400 | FesO4 M.O. Fe;0,4 M. 
375 Fe304 M. 
350 | FesO4 M.O. Fes0O4 M. 
325 Fe:0,4 M. 
300 | FesO4 M.O. Fe:s04 M 
250 


Diffraction Patterns 


144sA. Film 4000A. Film 


Fe304, a-Fe203; S.O. 


Fe304, a-Fe20; 


FesOu, a-Fe20s S. Fe:0.S 
eO S. 

FeO S. FeO S. 

FeO S.O 
FeO S. FeO S.O 

FeO S.O 
Fes0, S. Fe;04 M.O 

Fe:04 M.O 
Fe;0, S. Fe3;04, a-Fe203; M.O. 
Fe:0, S. Fe304, a-Fe20; M.O. 
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oxidation with 1 mm. O2 would involve a 
time interval sufficiently long to minimize 
errors in film thickness. It is realized, of 
course, that the film thickness is only 
approximate, since oxidation does occur 
in the vacuum attainable in the camera. 

The results of this study are shown in 
Table o. 

All samples were oxidized at the tempera- 
ture shown opposite the oxide formed in 
each thickness column. The oxide was 
then heated’ in vacuo to a maximum 
temperature and cooled in vacuo to a 
minimum temperature. 

_ Table 9 shows that the Fe;0, to FeO 
transition occurs at lower temperatures 
for thinner films in the heating up process. 
As the film thickens, this transition is 
pushed up about 50°C. This is in general 
agreement with the existence diagram 
shown in Fig. 5. The FeO to Fe;Ox transi- 
tion in the cooling process appears to be 
independent of film thickness. It occurs 
somewhere between 400° and 450°C. This 
is in good general agreement with the 


results on heating and with those obtained 
by Jackson and Quarrell.! 

A direct comparison of Tables 8 and 9 
cannot be made, since the film studied in 
Table 8 was very much thicker than the 
thickest film in Table 9. This is true 
because the film would be 12,000A. thick 
(Table 14) if oxidized 30 min. at 500°C. 
One may note, however, that alpha Fe20; 
is beginning to appear in Table 9 at 
higher temperatures for increasing film 
thickness. One might expect, therefore, 
that the transition from Fe;0,4 to FesO4 + 
alpha Fe,03; would occur considerably 
higher in the experiment of Table 8. 


Search for New Hexagonal Oxide of Iron 


Jackson and Quarrell! have pointed out 
the existence of a new hexagonal oxide 
of iron. The d/N values are listed in Fig. 1. 
The temperature range of the existence 
of this new oxide is similar to that of FeO. 
They observed its appearance from 450° 
to 800°C. and found that frequently it 


TABLE 10.—Search for New Hexagonal Oxide of Iron 
ee eae Ea Ra Rl 


Temperature, 


Deg. C Conditions Diffraction Pattern Crystal Size Type of Pattern 
1mm. O2 
600 Oxid. 1 min. FeO (4.34) small sharp 
600 heat ro min. FeO (4.34) small sharp. - 
600 heat 30 min. FeO (4.34) small sharp, oriented 
600 heat 60 min. FeO (4.34) small sharp, oriented 
600 - oxid. 29 min. FeO (4.34) medium medium, oriented 
600 heat Io min. FeO (4.34) medium medium, oriented 
600 heat 30 min. FeO (4.34) medium medium, oriented 
600 heat 60 min. FeO (4.34) medium medium, oriented 
25 cooled in Hz Fe304 (8.43) medium sharp, oriented 
0.03 mm. O2 
‘ 600 abraded FeO (4.34) small sharp. 
600 oxid, 1 min. FeO (4.34) small sharp, oriented 
600 heat 10 min. FeO (4.34) small sharp, oriented 
600 heat 30 min. FeO (4.34) small sharp, oriented 
600 heat 60 min. FeO (4.34) small sharp, oriented 
600 oxid, I min, FeO (4.34) small sharp, oriented 
600 heat 60 min. FeO (4.34 small sharp, oriented 
25 cooled in Hz FezO. (8.43) small sharp, oriented 
500 abraded FezO« (8.43) small diffuse 
500 0.1 atm H:, 10 min, Fes0« (8.43) small sharp 
500 0.01 mm air FesOu (8.43) small sharp 
500 heat 10 min. Fe204 (8.43) smail sharp 
500 0.1 atm. He, 10 min. FezO. (8.43) small sharp dl 
500 0.01 mm air Fes04 (8.43) small sharp, oriente 
500 heat 10 min. Fez04 (8.43) small sharp, oriented 
500 0.01 mm air Fe:04 oe small sharp, oriented 
500 o.1 atm. He, 10 min. Fe30« (8.43) small medium 
500 0.01 mm air : FesO4 we small sharp 
500 heat 10 min. Fes04 (8.43) small gharp 
25 cooled in He Fes0« (8.43) small sharp 
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occurs in a mixture with FeO. It is found 
only in extremely thin films. 

Table 10 shows the results of the search 
for this oxide. In the first experiment the 
sample was oxidized at 600°C. with 
1 mm. O2 for 1 min. This gave a pattern of 
FeO. Heating for 10, 30 and 60 min. in 
vacuo gave FeO. Further oxidation and 
heating produced no change. 

The second sample was oxidized for 
1 min. in 0.03 mm. Oz. This gave FeO. 
Heating for 10, 30 and 60 min. gave FeO. 
Further oxidation and heating caused no 
change. 

The third sample was heated to 500° 
and treated with 0.1 atm. Hz for 10 min. 
This gave a pattern of Fe;04. Oxidation 
at 500°C. with o.or mm. air gave Fe3Qx. 
Further heating, treatment with hydrogen 
and oxidation produced no change. 

The experiments described show no 
evidence for the formation of the new 
hexagonal oxide with the vacuum condi- 
tions attainable;in the present camera. 
The existence region of this oxide is very 
sensitive to the oxygen pressure of the 
vacuum. It is also possible that the purity 
of the sample may have an effect on the 
existence region of the oxide. Since Jackson 
and Quarrell! used Armco iron in their 
experiments and we have used Puron, 
it may not be possible to make a direct 
comparison of the two sets of data. 


DIscussION OF RESULTS 


Vacuum-formed Oxide Films 


The experiments on puré iron show that 
sharp patterns of the oxides are obtained 
at temperatures of 300°C. or higher, and 
very diffuse patterns below 300°C. The 
latter patterns are not capable of being 
analyzed. This fact does not indicate the 
lack of oxide film formation but that the 
film is probably made up of crystals too 
small to give the proper cooperative 
scattering. The role of crystal size and 
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diffraction patterns has been discussed 
by Germer and White.’® 

The oxide films formed in the vacuum 
of the camera at elevated temperatures 
result from a chemical reaction with Oz 
or HO at gas pressures of 1o-* mm. Hg 
or lower. This evidence confirms vacuum 
microbalance measurements! on the oxida- 
tion of iron at these temperatures and 
gas pressures. The latter measurements also 
have shown that to avoid oxide film 
formation it is necessary to carry out the 
experiment in an all-glass system that 
has been degassed and trapped with liquid 
air. Until the vacuum conditions in 
electron diffraction cameras are greatly 
improved, it is necessary to consider in 
the interpretation of the data the presence 
of vacuum-formed oxide films. 


Surface Preparation 


The effect of the surface preparation on 
the chemical and physical properties of 
the oxide crystals has been emphasized 
by Jackson and Quarrell.1 In order to 
obtain minimum oxide film formation in 
the abrasion process, and to obtain re- 
producible surfaces, we have prepared all 
of the samples with a precision abrader. 
Our experiments show that the chemical 
and structural identities of the oxides 
formed at elevated temperatures are not 


“affected by the degree of abrasion used. 
~ However, the physical factors in the 
surface that determine the sharp or diffuse 


character of the rings and the number of 
contributing crystals to the spot structure 
of the rings are affected by the abrasion 
process. Table 4 shows that the use of 
coarse abrasive papers decreases the 
number of contributing crystals to the 
spot structure of the pattern and increases 
the diffuse character of the diffraction 
rings. The former effect can be explained 
as due to~a fewer number of surface 
asperities contributing to the diffraction 
pattern. The latter effect is probably a 
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function of the crystal size but the relation- 
ship is obscure. 


Chemical and Structural Transitions of the 
Iron Oxides 


The low-temperature and_high-tem- 
perature existence charts shown in Figs. 4 
and 5 indicate the following transitions 
_ occurring on a pure iron surface as a 
function of temperature: 


y-Fe.03 > a-Fe2O3 at 225°C. [x] 
a-Fe203 — Fe3O4 at 225°C. to 450°C. [2] 
Fe3;04— FeO at 450°C. to 550°C. [3] 


The transitions are a function of film thick- 
ness. Thus, reaction 2 occurs in thin films 
at 225°C. and at 450°C. for thick films. 
In a similar manner, reaction 3 occurs in 
thin films at 450°C. and in thick films at 
BLOTG. 

In the thin-film region of the existence 
charts, mixtures of the oxides alpha 
Fe.03; and Fe;0, are found to occur. 
This mixture may result from the alpha 
Fe,03 to Fe3O, transition. 

The occurrence of mixtures and the 
phenomenon of broad transition zones in 
temperature appear to be a result of a 
delicate balance between the various 
factors controlling the oxidation process. 
Since a reaction is proceeding between 
the metal and oxygen, the charts do not 
represent in general the equilibrium states 
of the several oxides. 

The patterns obtained below 225°C. 
are very diffuse except for the long-time 
oxidation experiments. Lattice parameter 
calculations on the 29, 50, 75 and 125-hr. 
oxidation experiments at 170°C. yields 
values for the cubic spinel structure Ao of 
8.36 + 0.04A. This value is to be compared 
with values of 8.43 + 0.03A found above 
225°C. The X-ray values for the Ao of 
gamma FeO; and Fess are 8.32 and 
8.40A., respectively. This evidence indi- 
cates, together with the low-temperature 
existence chart for iron (Fig. 4), that the 
gamma Fe,0; to alpha Fe,O; transition 
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occurs at about 225°C. Iimori,* from X-ray 
evidence, gives the transition tempera- 
ture as 340°C. The existence region of 
gamma Te.O; is also in agreement with 
the results of Boruschko and Lashko,}!” 
who report that the main component of 
the iron oxides obtained at moderate 
temperatures is gamma Fe.03. The ap- 
pearance of gamma FeO; or Fes;O4 in 
contact with the metal is also in agreement 
with the observation of Goldschmidt!’ 
that only small atomic readjustments 
are required for the reaction of alpha Fe 


to gamma Fe.Qs3. i‘ 
TABLE 11.—Lattice Parameters of Metallic 
Oxides 

Substance | @ b c a |Structural Type 

FeO 4.28 Face-centered 
cubic 

CoO 4.25 Face-centered 

4 cubic 
NiO PoP 5 Face-centered 

cubic 

Cuz20 4.24 Cubic 
MoO: 4.86 2.79 Tetragonal 
WO: 4.86 2.77 Tetragonal 
Cr2O03 5.35 54° 58’| Rhombohedral 
a-Fe203 5.42 55° 17'| Rhombohedral 
Mo203 Rhombohedral 
W203. Rhombohedral 
MoO3 3.92|13.9413.66 Orthorhombic 
WOs 7.28] 7.48)/3.82 Monoclinic 
Fe304 8.40 Cubic (spinel) 
Co304 8.11 Cubic (spinel) 
Mn0O.Cr2Os3 |8. 42 Cubic (spinel) 
NiO.Cr2O3 |8.31 Cubic (spinel) 
CoO.Cr203 |8.32 Cubic (spinel) 
FeO.Cr203 |8.35 Cubic (spinel) 
MnO.Fe203 [8.51 Cubic (spinel) 
NiO.Fe203 |8.34 Cubic (spinel) 
CoO.Fe203 |8.39 Cubic (spinel) 


The transition of gamma FeO; to 
alpha Fe2O3 which occurs at about 225°C. 
in the surface oxidation of pure iron 
involves a lattice transformation from 
a cubic spinel type of structure to the 
rhombohedral, corundum type. 

The transition of alpha Fe.03 to Fe3O4 or 
the reverse reaction Fe;0, to alpha Fe2O3 
may occur according to the following 
mechanisms: 


3a-Fe203 — 2Fe304 + 1402 [4] 
Fe + 4a-Fe.03 = 3Fe30. [5] 


The mass-action effect of oxygen is to 
favor the formation of alpha FeO; ac- 
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cording to A. The concentration of iron 
affects the equilibrium by Eq. 5. Thus, a 
high diffusion rate of iron in the oxide 
lattice tends to favor the formation of 
Fe;0,. This may occur in thin films at 
elevated temperatures. For thicker films 
the diffusion of iron through the lattice 
is smaller and the concentration of iron 
lowered near the surface. This condition, 
which favors the formation of alpha 
Fe.03, is found only where the oxygen 
supply is unrestricted and when sufficient 
time has elapsed for equilibrium to be 
reached. 

The transition of alpha Fe203; to FesOs 
occurs at a temperature of about 225°C. 
for thin films and at temperatures of 
350° to 450°C. for thicker films. For long 
periods of oxidation, alpha Fe2Os is formed 
as is shown in Fig. 4. 

The high-temperature study of the 
oxidation of iron is shown in Fig. s. 
The evidence indicates that the transition 
of Fe304 to FeO occurs at about 450°C. 
for thin films and between 500° and 600°C. 
for thick films. This reaction may occur 
as follows: 


Fe + Fes304=— 4 FeO (6] 


The transition of FesO, to FeO is de- 
pendent upon the concentration of the 
iron and therefore may be a function of 
both the film thickness and the tempera- 
ture. This phenomenon is discussed in the 
alpha Fe,0; to Fe 0, transition. The 
thick film transition temperature observed 
in this study is in agreement with the value 
of 570°C. found by Hansen’ in equilibrium 
studies of the iron-oxygen system. 


Effect of Cooling Atmosphere on Oxide 
Structure 


The work of Jackson and Quarrell! 
showing that oxide films formed at high 
temperatures revert to Fes04 when cooled 
indicated the necessity of carrying out 
further investigations in situ at the 
temperature of the oxidation. If we are 
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interested in the protective qualities of 
the material, it is very important to know 
the chemical and structural identities 
under the conditions where the material 
may be used. Only through such experi- 
ments can the structure of the protective 
state be determined. 

To emphasize this point, we have carried 


out experiments on the effect of cooling — 


in vacuo, 1 mm. of O2 and o.1 atm. of 
H» on the structure of the oxide film. 
FeO is the oxide formed at 700°C. Cooling 
in vacuo yields a pattern of FesO4 while 
cooling in 1 mm. of O; yields in addition a 
pattern of alpha Fe2Os. Cooling in hydrogen 
partly reduces the iron oxides to Fe. The 
oxide pattern remaining is FesOs. 

These experiments confirm the observa- 
tion of Jackson and Quarrell' and show 
the importance of studying the oxide 
structure at the high temperatures. The 
limited protective ability of iron to oxygen 
atmospheres may be related to the series 
of transitions in the oxide film that occur 
on heating and cooling. 


Reversibility of the Transitions 


Since transitions occur in the iron oxide 
films upon cooling, it is of interest to 
determine whether the temperatures of 
transition are identical for cooling and 
reheating. The results show that the FeO 
to Fe,0,4 transition occurs at a higher 
temperature in the cooling process than 
does the reverse transition in the heating 
process for these films of varying thickness. 
It is interesting to note the physical 
changes occurring in the patterns as the 
sample is cooled and reheated. 

In order to study the effects of cooling 
and heating on a more quantitative basis, 
films of known thickness are heated and 
cooled in vacuo. These results show that 
the Fe30, to FeO transition is dependent 
upon the film thickness. The temperature 
of transition increases with increasing film 
thickness in the heating process until the 
film reaches a thickness greater than 


PAP 


PERNA 


=> 


RPeANS NT TNO RN 


Seah haat 


E, A. GULBRANSEN AND J. W. HICKMAN 


t500A. At some point between 1500 and 
4oooA. the transition temperature de- 
creases. The cooling process appears to 
have little effect on the temperature of 
transition of FeO to Fe;O,. If an average 
of the two processes is taken, the trend 
in transition temperature is an increase 
up to a film thickness somewhat greater 
than 1500A. followed by a gradual de- 
crease. It is significant that the transition 
temperature goes from 400° to 425°C. ata 
film thickness of 450A. to 550°C. at a 
film thickness of 15ooA. One might 
expect, therefore, that the existence regions 
of the oxides observed in this study may 
differ considerably from those obtained 
on bulk samples where attempts have been 
made to bring the system to equilibrium. 


Search for Hexagonal Oxide 


Jackson and Quarrell! state that the 
hexagonal oxide is formed by the re- 
crystallization of the air-formed film in 
the temperature range where thicker 
films consist & FeO. We have searched 
this region carefully and have been unable 
to obtain this structure. This lack of 
agreement may be due to two reasons: 
(x) the specimen and (2) the vacuum 
characteristics of the apparatus. If the 
existence region of this oxide is limited to 
extremely thin films, we may never observe 
this structure when the vacuum-formed 
films are thicker than this thin film. On 
the other hand, the existence region may be 
very sensitive to the composition of the 
specimen. 


Oxides Formed on Cobalt 


Cobalt forms two oxides, Co3;04 and 
CoO. The first structure obeys the cubic 
spinel lattice while the second obeys the 
face-centered cubic lattice. No evidence 
for the existence of Co20; has been found. 
This is in agreement with the dissociation 
temperatures of cobalt oxides as reported 
by Mellor. Co203 dissociates at 372°C, 
and 760 mm. pressure. From 372°C. to 
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the range 705°C. to 860°C., Co30,4 is 
the stable oxide. Above 869°C., CoO has 
greater stability. The transition of CoO; 
to Co3;0,4 is appreciable at 265°C. Our 
results show that Co;Q0, is converted to 
CoO at 500° to 600°C. for thin films and 
at 400° to soo°C. for thick films. This 
transition is in contrast to that occurring 
between Fe3;0, and FeO. The transition 
temperature increases with film thickness 
for iron but decreases for cobalt. This 
may indicate a different oxidation mecha- 
nism for the two metals. 

Above 400°C. the surface oxides of 
cobalt are reduced to the metal when 
cooled in pure He. This is to be expected 
from thermodynamic evidence. 


Oxides Formed on Nickel 


The oxidation of nickel results in the 
formation of only NiO, which obeys the 
face-centered cubic lattice. According to 
Mellor,2! Ni;O, is a cubic spinel type of 
lattice and it begins to decompose at 
450°C. Since NiO is the only oxide ob- 
served, Ni3O, appears to be less stable 
in the form of a thin film and when in 
contact with the metallic substrate. Sharp 
patterns of NiO are formed above 450°C. 
while diffuse patterns are formed below 
this temperature for all film thicknesses. 
This indicates that the growth of the 
crystals as the temperature is increased 
is large in this temperature range. 


Oxides Formed on Chromium 


Chromium is reported to have two 
structural modifications, depending upon 
whether it is in the bulk form or has been 
electroplated. No attempt has been made 
to determine the structure of the plated 
material in this work. Cr,03 is the only 
oxide observed. No structural or chemical 
changes occur throughout the time-tem- 
perature range studied. The surface of 
the oxide does change physically, since 
the patterns become sharper and orienta- 
tion effects become more pronounced 
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as the temperature is elevated. Below 
450° and 550°C. the patterns are medium 
and above 550°C. the patterns are sharp. 
This indicates a growth of the crystal 
size in this temperature range. 


Oxides Formed on Copper 


The oxidation of copper results in the 
formation of Cu,O. No chemical or struc- 
tural transformations occur in the existence 
diagram. The temperature of transforma- 
tion between the diffuse and sharp patterns 
occurs between 100° and 200°C. This 
same phenomenon occurs at a temperature 
of about 250°C. for iron and 450°C. for 
nickel. 


Deviations of Lattice Parameters 


The lattice parameters of the several 
oxides obeying the cubic system and the 
dy values of Cr203 and alpha Fe2O3 are 
compared with the X-ray values obtained 
on bulk specimens.- Table 12 shows the 
average deviation of each of the oxides 
while Table 13 shows the individual 
experimental deviations. The average de- 
viations are positive and vary from 0.14 
per cent for alpha Fe,O3 to 2.82 per cent 
for CoO. 

The errors involved in the apparatus 
and analysis are as follows: 


Per Cent 

Setting of input voltage on high-voltage 
TOCLUM Gla eres cher ahela a stale ae pono: 0.2 
Ripple in high-voltage rectifier.......... o.1 
Input-voltage fluctuations.............. 0.2 
Specimen-to-plate distance... .......... O.1 


Probable error in analyses, sharp pattern, 
Sines te ee rare tateederateie, Seas 


Successive calibrations made by reflection 
patterns of evaporated gold indicate an 
over-all precision of about 0.3 per cent. 
The interpretation of the positive devia- 
tions is a difficult problem. It is well known 
that electron diffraction patterns are 
distorted if the material is an insulator. 
Similar effects occur but to a lesser extent 
with semiconductors; thus, the oxides 
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TABLE 12.—Average Deviations of Lattice 
Parameters 
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Lattice Parameters 


Oxide Deviation, 
X-ray Electron Per Genk 
Diffraction | Diffraction 
FeO 4.28 4.34 +1.47 
Fe304 8.40 8.42 +0.33:% 
a-Fe203 +0.14 ° 
CoO 4.25 4.37 +2.82 - 
Co304 8.11 8.15 +0.49 
NiO 4.17 4.22 +1.20 
Cr203 +o0.60 
Cu20 4.24 4.32 +1.98 


formed on cobalt sometimes distort the 
pattern at room temperature but this 
obvious distortion is absent at high tem- 
perature. However, small affects may still 
exist, which may be noticed only in the 
analyses of the lattice parameter devia- 
tions. On the other hand, the effects may 
be real. If real, they may be attributed to 
the lack of stoichiometrical equivalence 
in the oxide or to the existence of stresses 
in the film. The former point of view has 


TABLE 13.—Deviations of Oxide Lattice 
Parameters from X-ray Values 


Tempera- Lattice Devi- 

Metal ture, pe a Param- ation, 
Deg. C. eter Per Cent 
Fe 300 Fes0« 8.43 +0.36 
300 a-Fe2O3 —0.45 
400 Fes04 8.42 +0.24 
400 a-FesO3 +0.73 

500 FeO 4.35 +1.6 
500 Fes04 8.43 +0.36 

600 FeO 4.34 +1.4 

700 FeO 4.34 +1.4 

Co 300 CoO 4.30 +2.6 
300 Co304 8.18 +0.86 

400 CoO 4.37 +2.8 
400 Co304 8.18 +0.86 

500 00 4.37 +2.8 

500 Cos04 8.29 +2.2 

600 00 4.36 +2.6 

: 700 CoO 4.39 oes 
Ni 300 NiO 4.20 +0.71 
400 NiO 4.20 +0.71 

500 NiO 4.22 +12 

600 NiO 4.26 +2.2 

700 NiO 4.22 +1.2 
Cr 400 Cr203 +0.92 
500 r203 +0.17 
600 1203 +0.62 
700 Cr203 +0.68 

Cu 100 Cu:0 4.32 +1.9 

200 Cu0 4.32 +1.9 

300 Cu0 4.33 +2.1 

400 Cuz0 4.33 +2.1 

500 Cu20 4.32 +1.9 
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been discussed by Goldschmidt!® and 
by Bernard.?? Further work is in progress 
to determine the cause of these deviations. 


ABSTRACT 


The literature on the electron diffraction 
study of the oxidation of iron, cobalt, 
nickel, chromium and copper is reviewed. 
The apparatus, preparation of specimens, 
experimental procedures and the inter- 
pretation of the electron diffraction data 
are discussed. The following subjects are 
studied in the oxidation of iron: (1) 
vacuum-formed films at elevated tem- 
peratures; (2) the effect of surface prepara- 
tion; (3) the low-temperature oxidation 
of iron; (4) the high-temperature oxida- 
tion of iron; (5) the effect of cooling 
atmosphere on the oxides observed at 
room temperature; (6) the effect of heating 
and cooling films of known thickness. 


TaBLE 14.—Film Thickness of Oxides on 
Tron by Vacuum Microbalance 


Film Thickness, Angstroms 


Condition ; 
250°C. | 300°C. | 400°C. | 500°C 
Preoxidation...... 30 30 30 30 
Oxid. a min... 0. 120 170 170 2,300 
@xid. 5 min...... 320 560 650 6,200 
Oxid. 30 min..... 430 780 I,450 | 12,000 
840 1,800 | 18,000 


Oxid. 60 min..:..| 480 


The oxidation of iron shows the presence 
of three lattice transitions: (1) gamma 
Fe.0; to alpha Fe.O3 at 225°C., (2) alpha 
Fe.03 to FesO4 at 225° to 450°C., and 
(3) Fes04 to FeO at 450° *toes5o°C. A 
study of the spot structure of the rings 
and the width of the rings indicates 
crystal growth, while the development of 
orientation effects indicates preferred direc- 
tional growth of the crystals. Many of 
these physical changes are reversible 
with temperature. 

The oxidation of cobalt, nickel, chro- 
mium and copper are studied over a wide 
temperature range and for times up to 
one hour. The oxidation of cobalt indicates 
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one lattice transformation between Co;O, 
and CoO at 400° to 600°C. No lattice 
transitions occur in the oxides formed on 
nickel, chromium and copper. Crystal 
growth and orientation effects are noticed, 
which indicate physical changes in the sur- 
face oxides of thin metals. 
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DISCUSSION 


(This discussion refers also to the paper by J. 
W. Hickman and E. A. Gulbransen, page 344.) 

P. K. Kon*—I should like to ask Mr. 
Hickman and Mr. Gulbransen about their 
technique. First, how did you isolate the 
photographic film from the high temperature 
existing in the furnace, considering the low 
intensity of electron-diffraction rays? Second, 
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what kind of film and what time exposure did 

you use with the type of camera adopted? 
With regard to the diffraction lines at high 

temperature, I wonder whether you have any 
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E. A. GurpraNsEN—Let us consider the 
parameter of Fe;O4, which, from X-ray data, 
is given as 8. 4oA. This value is the unit cell 
size, the length across the cube. 
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measurement of the expansion of the lattice 
parameter, and whether at a temperature of 
say 700°C the lines are sharp enough to permit 
measurement of the stresses existing at that 
temperature or during cooling down to indicate 
the rupture stress of the oxide film. 


E. A. GuLBRANSEN (author’s reply)—In 
answer to your first question, the furnace sec- 
tion is about 50 cm away from the film. The 
furnace itself is isolated by a series of radiation 
shields. The temperature of the outer shield is 
about 450°C. The radiation from this shield 
will not affect the photographic film. 

The openings in these shields for the electron 
beam are rather small, so that only a little light 
actually gets down to the film. In these papers 
we used a Verichrome film, with which we could 
take 23 pictures at one time without changing 
the film. Recently, we have changed to a photo- 
graphic plate. What was your next question? 


P. K. Kon—I was thinking of the temper- 
ature and its effect on the expansion of the 
lattice parameter. 


For most of our work, we seem to get a value 
of about 8.43, plus or minus 0.03. These are 
slightly enlarged parameters. On heating some 
of the alloys, we sometimes observe—for 
example, on 13 Cr-Fe, values as high as 8.47 
and 8.55. In one case a value of 8.66 is observed 
on 18-8 stainless steel. 

There is a certain element of reason in this 
behavior. Bernard in France and Goldschmidt 
in England have plotted the reduced para- 
meters of the lattices of FeO and Fe;O4. One 
uses, in the plot, two thirds of the FeO lattice 
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parameter and one third of the Fe,0, lattice © 


parameter. Fig 10 shows a plot of the re- 
duced parameters as a function of the oxygen 
concentration. FeO saturated in Fe gives a re- 


duced lattice constant of 2.868A while FeO sa- — 


turated in O2 gives a value of 2.848A and Fe;0.4 
gives a reduced lattice constant of 2.800A while 
gamma Fe,O; gives a value of 2.772A. There is 
a definite relationship between the parameters 
of all the oxides depending upon the oxygen to 
iron ratios. 

In thin films there is the possibility of vari- 
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able iron to oxygen ratios. For example, in the 
transformation of Fe;0, to FeO the reduced 
lattice constant must change from a value of 
2.80A for Fe;O,4 to 2.85A for FeO. It is 
possible that this transformation occurs by a 
gradual change in the lattice constant; that is, 
in Fe;O,, the iron to oxygen ratio increases and 
there is a region in which Fe;O, is stable before 
transforming to FeO. We feel that the FesO. 
lattice may expand before transforming to the 
FeO lattice. We have found some evidence for 
this effect. Does that answer your question? 


P. K. Kon—Yes. The other question is 
whether at high temperature, say 700°C., the 
diffraction lines are sharp enough to permit 
stress measurement with the two or three-pic- 
ture technique. I wonder whether work of this 
nature has been done. 


E. A. GULBRANSEN—We have indicated the 
width of our lines by calling them sharp, dif- 
fused or medium. The width of the line is 
determined by several factors, one of which is 
the size, another the strains in the lattice; and 
there may be other factors. We have not tried 
to make any calculations from line width. That 
would be a nice job. 


R. F. Ment*—I should like to ask a few 
questions and then to make some general re- 
marks about this excellent paper and the field 
of research it represents. 

When the authors speak of oriented films, 
do they mean that they are oriented with 
respect to the film surface—and thus corre- 
spond in their origin to surface nucleation and 
growth similar to the columnar crystals in 
ingots—or do they mean that they are oriented 
with respect to the base metal—and thus cor- 
respond to overgrowths as already studied for 
metal oxide films? I presume it is the former. 


J. W. Hickman (author’s reply)—You may 
have noticed in some of the existence diagrams 
that early in the oxidation stage there were no 
orientation effects, but as the films became 


thicker they began to show up. It isa little hard 


to correlate any effect of the substrate on bring- 
ing about orientation in the oxide film if it does 
not occur when the film is thin and does when 
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the film is thick. There are other factors in 
addition to the effect of the oxide lattice trying 
to match the substrate lattice. 


R. F. Ment—In any event, since you start 
with a polycrystalline material and end with 
what amounts to a single orientation, it does 
not seem possible that the effect should be that 
of-an overgrowth. 


J. W. Hicxman—It is a growth effect of the 
oxide itself. 


R. F. Meut—I should like to ask the authors 
whether they have evidence for the thickness 
of the films that might be combined with the 
existence diagrams.-It would, indeed, be pleas- 
ant to have rate studies to combine with these 
diagrams. 


E. A. GULBRANSEN—Yes, we have evidence 
of the thickness for several metals and alloys. 
The measurement of the thickness is a more 
difficult job than the measurement of the struc- 
ture. For iron, we have a fairly good idea as to 
the thickness. We have preliminary evidence on 
copper and nickel, on stainless steel, and 13 pct 
chromium. The study started from measuring 
rates. We soon got over into the study of struc- 
ture. The rates came first and then the struc- 
ture. Now we want to go back and remeasure 
the rates in the range where we have trans- 
formations, and do it accurately to see whether 
the rates depend upon the structure. Then we 
will have a complete picture. 


R. F. Mreut—lIs it possible to grind these 
films progressively, so that the structures 
at all points in the film thickness might be 
determined? 


E. A. Gursrans—EN—There is another 
technique, which we have not talked about in 
this paper; that is, that you can remove these 
films by making the metal, the anode, in an 
electrolytic solution. On removing the film, if 
it is the proper thickness, you can pass the 
beam through the film and study the transmis- 
sion pattern. Comparing the transmission 
pattern with the reflection pattern, one can 
determine the structure of the body of the film. 
If we could, in addition, determine the relative 
numbers of atoms in the film electrically, we 
would know a great deal more. Development 
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of such equipment presents many difficult 
problems. 


R. F. Ment—Anyone who has studied the 
oxidation of alloys will realize how complex 
the problem is. Concentration changes occur 
in the alloy during oxidation, and also in the 
film or scale; physical effects, such as channel- 
ing, occur. These complexities thus far have 
prevented the formulation of any functional 
relationships for the rate of growth of the scale. 
It seems to me that this field will progress more 
surely by systematic experimental attack. The 
present paper should not pass without comment 
upon the timeliness of the results and the 
elegance of the experimental method. 

Perhaps the field might respond more readily 
to attack if the rate-determining factors were 
first studied in solid solutions in which only 
one metal oxidizes; for example, Cu-Pd. In such 
a case it should be possible to derive the factors 
determining the rate of scale formation from 
the characteristic rate of scaling of copper, and 
the rate of diffusion of copper in the solid alloy. 
With this done, alloys could be selected where 
both metals oxidize, but where one oxidizes 
only slightly, with corresponding analysis of 
the rate-determining factors; and then to alloys 
where both oxidize at more and more nearly 
the same rate. This cautious and gradual ap- 
proach to the scaling of commercial alloys 
might reveal principles not now evident. 

In all studies of the scaling of alloys (and in 
the wholly analogous case of the formation of 
intermediate alloy layers by diffusion, as, for 
example, the studies by Lustman and myself) 
it has generally been assumed that the number 
of phases formed is equal to the number stable 
in the system at the given temperature and 
pressure. Such studies as we have had confirm 
this. It is true that stable layers, though pres- 
ent, are sometimes so thin as to be difficult to 
demonstrate, but there have been no well 
recognized exceptions to the general rule. 

The present studies appear to furnish valid 
evidence for an exception, for phases have been 
found to form at temperatures at which these 
phases are not stable. Have the authors any 
idea of the factors that contribute to this result ? 

Obviously the rate of growth of oxide scales, 
whether on metals or on alloys, is related to the 
rate of diffusion within the scale. Some experi- 
ment and much theory indicate that in the 
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scaling of iron the diffusing element is iron, not 
oxygen. I should like to point out that this 
need no longer remain a matter alone for con- 
jecture, or inadequate experiment. Radio- 
active iron is now available and may be used 
to provide a critical experiment, as follows: 
Ordinary iron may be plated with radioactive 
iron, and then scaled, and the position of the 
radioactive iron in the scale determined. If the 
iron atoms alone diffuse, as theory demands, 
then the oxidation of iron occurs at the scale- 
atmosphere interface, with iron atoms reaching 
there by diffusion through the scale. In such a 
case, the radioactive iron, now as iron oxide, 
would remain next to the metal-scale interface, 
and a demonstration of this would constitute 
the needed proof. This experiment, long pro- 
jected, is now underway in our laboratories by 
Dr. Birchenall. 


C. G. GortrzeL*—Would the authors 
briefly describe the heating furnace used for 
heating the specimen? 


E. A. GutpraNsEN—A drawing of the 
furnace is shown in Fig 16. The main column 
of the instrument is shown at the left. The 
electron beam travels along the axis of the 
instrument. The furnace consists of a block of 
25 chrome, 12 nickel iron. The block is attached 
to a stainless-steel tube by atomic hydrogen 
welding. 

The inside of the furnace consists of a 
beryllium oxide block with tungsten heaters. 
There are 12 of these heaters in the form of 
hairpins connected to molybdenum rods which 
carry the current into the system. A stream of 
hydrogen is introduced through the stainless- 
steel tube that supports the block. The 
hydrogen provides a protective atmosphere 
for the tungsten heater. 

There is a series of shields back of the heater. 
Around the main block, there are other shields 
with holes for the beam to cut down the heat 
input. A thermocouple is mounted on one of 
the three possible specimen positions in the 
block. One of the specimens is a dummy with a 
thermocouple on the surface. The thermo- 
couple wire is taken out of the vacuum by 
means of Kovar-glass seals. In front of the 
specimens is a shield with several small holes 
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for observing the surface temperature by 
means of a micropyrometer. 

The whole unit can be moved in and out by 
means of a Wilson seal, which provides a 
vacuum-tight joint. There are two possible 
positions for specimens. 

The furnace and manipulator are mounted 
on a carriage. The specimen can be replaced by 
taking off the cap. The specimens are held in 
place by a little piece of metal, which is not 
shown in the figure. By turning the metal piece, 
the observer forces the specimens against the 
walls of the block so that the specimens are 
mounted precisely with respect to the axis of 
the furnace. It is critical to have the specimens 
mounted perpendicular to the axis of the 
instrument. 

The beam grazes the specimens at a small 
angle. This angle is set in the experiment by 
moving the specimen back from the center a 
slight amount so that the beam makes an 
angle of 22 minutes with the axis. This 22 
minutes will allow the correct sampling of the 
whole surface of the specimen with about one 
fourth of the beam. In other words, you want 
to have the whole surface sampled by the 
beam, so that you do not hit one corner at one 
time and another corner at another time. 


C. G. GortzEL—Am I assuming the correct 
conclusion when I say that the sample is 
heated by radiation? 


E. A. GuLtBRANSEN—It is heated by radi- 
ation from the block. The block is heated by 
radiation from the BeO heater block. The 
temperature of the surface of the sample is 
determined by means of a thermocouple. This 
temperature may be checked by means of a 
micropyrometer. The two temperatures agree 
to within 15° to 25°. 


C. G. GorTzEt—Would you predict any 
difference in the results if the sample were 
heated electrically? 


E. A. GULBRANSEN—It is necessary to avoid 
having any fields present that would influence 
the beam. In this particular apparatus a series 
of hairpins is used. With this type of heater the 
electrical fields are nearly balanced. The heat 
dissipation for this furnace is about 500 watts. 
We can reach a temperature of 1000°. 
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C. G. GortTzEL—Would you predict any 
difference in the results of the oxides forming 
on the surface if the material were heated by 
resistance rather than radiation? Take, for 
example, a high-resistance alloy. 


E. A. GurBpraNsEN—I do not know. I 
would not make any comment until I tried it 
out. I can see no reason for any difference. 


J. J. Naucuron*—Do you think that 
hydrogen in this case might conceivably diffuse 
through the metal and modify the oxide 
surface? 


E. A. GurBraNsEN—You mean diffuse 
through the furnace to the metal? 


J. J. Navcuton—Yes. With temperatures 
as high as 700°C, where hydrogen diffuses 
rapidly through most metals, it might be 
dangerous. 


E. A. GULBRANSEN—We have no evidence 
of any danger using a 25 Cr, 12 Ni steel block. 


C. H. Samans{—We have some evidence to 
offer on the type of oxides formed on certain 
of the alloys discussed by the authors, which 
does not appear to be in strict accord with 
their results. Two possible explanations for the 
discrepancy occur to me, however, because of 
differences in test conditions: (1) our work was 
done in air, and (2) it was done in the somewhat 
higher temperature range of goo° to 1100°C 
(1650° to 2000°F). 

In our tests, a clean sample of Stellite 21 
was placed in a furnace and heated at the test 
temperature for about 15 min. A small square 
of glass was then placed on the oxidized metal 
surface and allowed to remain there for about 
1§ min. Since metallic cobalt will not dissolve 
in glass, there will be no interaction unless 
cobalt oxide has been formed, in which case the 
glass will dissolve the oxide and show a cobalt 
blue color in the surface layers. In all our tests 
the glass samples had a characteristic blue 
layer on the surface in contact with the 
metallic oxide layer. We consider this positive 
evidence of the presence of cobalt oxide in this 
layer. 

“In similar tests conducted on ferritic stain- 
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less steels, the glass surface was colored yellow, 
indicating the presence of chromium oxide in 
the metallic oxide layer. 

Unfortunately, the effect of iron oxides, a 
bluish green color, would be completely masked 
by the much stronger blue or yellow pigments 
of the cobalt or the chromium oxides. However, 
the iron ions would be expected to diffuse into 
the glass more rapidly than either the cobalt 
or chromium ions, and thus give their char- 
acteristic color indication at a greater depth. 
No such effect was observed, but, even so, we 
do not feel that this is conclusive evidence of 
the absence of iron in the metallic oxide 
surface. 


_E. A. GULBRANSEN—TI would interpret your 
results as follows: Suppose one oxidizes Stellite 
21. During the early stages of oxidation there 
may be cobalt oxide in the initial layer. As the 
reaction proceeds, the chromium or iron may 
have a greater tendency to form, so the outside 
layers may be Fe;O,. If this is placed in contact 
with a piece of glass, the cobalt may still be 
dissolving in the glass, so we may not be too 
far apart even at that. 

Electron diffraction gives information about 

only the surface layer. It does not tell us about 

. the body of the film. The temperature of the 

reaction might also have an effect upon the 

structures observed in the film and by reaction 
with glass. 


J. W. Hicxman—As you recall, when I gave 
the existence diagram of the cobalt alloys, I 
stated that, although we had assigned the 
formula Fe;0., we were by no means certain 
it was Fe,O,. It might have been CoO.Fe20s, 
which has a lattice parameter almost identical 
with Fe;O,. Our method is not sensitive enough 
to pick up the difference. In actuality, on 
Stellite 21 at 700°C, where we have a spinel 
structure on the surface, it may consist of 
Fe;0, or CoO.Fe20; or a solid solution of these 
oxides. 


A. R. Boprowsky*—I would like to question 
one of the conclusions, namely, that an element 
other than iron or chromium present as about 
5 pct of an alloy does not form a simple oxide on 
the surface. Assuming that the 5 pct element 
and the 05 pct element both formed oxides, is 
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your method sufficiently sensitive to detect the 
oxide of the minor alloy element? 


J. W. Hickman—That is a very good ques- 
tion and a difficult one to answer. I cannot 
state with certainty whether we could or could 
not pick up 5 pct of one oxide in the presence 
of 95 pct of another oxide. 

We do know, however, that alloys that con- 
tain 5 pct of iron and 95 pct of another metal, 
or 5 pct of chromium and 95 pct of another 
metal, show the presence of iron or chromium 
oxide on the surface. If nickel or tungsten or 
cobalt is present in amounts no greater than 
5 pct we do not get simple oxides of these 
metals on the surface. We do not observe these 
oxides by our method, but I am not certain 
that the method is sensitive enough to pick up 
5 pct of cobalt oxide in the presence of Fe3O.. 


A. R. Boprowsky—As has been suggested, a 
possible explanation of detection of the oxide of 
a minor alloying element in the presence of the 
oxide of a major alloying element might be the 
preferential formation of an outer layer of 
oxides consisting in large part of the oxide of the 
minor alloying element. If the two oxides were 
homogeneously dispersed, I feel fairly certain 
that the usual electron-diffraction methods 
would not result in a positive identification. 


J. W. Hicxman—In some cases we have 
stripped the oxide films from the substrate and 
have taken transmission photographs and, in 
addition, have had spectrographic analysis of 
the films. On nichrome 5, for instance, which 
is 20 pct nickel, no nickel oxide was observed. 


Paut Gorpon*—One speaker presented 
evidence that seemed contrary to the evidence 
of the authors. His work was done in the 
presence of atmospheric oxygen. Have the 
authors done anything along that line? 


J. W. Hicxman—We have no existence dia- 
grams where air is the oxidizing medium. In 
the work where polished specimens and the 
stripped-film technique were used we oxidized 
with about 449 of an atmosphere of oxygen. 
We have done no experiments to see what 
effect pressure may have on the existence 
diagrams. 


* Massachusetts Institute of Technology, 
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RoGER Sutron*—I should like to inject one 
or two possible explanations in here. Any work 
I have done on oxide films has been primarily 
at higher temperatures. I am not familiar with 
what happens at these lower temperatures, 
except to say that as reported by Dr. Gul- 
bransen, where he goes only 500° on Copper, he 
still shows Cu20. Obviously there is another 


oxide forming there, probably at 700°C, which 


indicates that the same may be true in all of 
the more complex alloys that we are talking 
about now. In line with the remark by Mr. 
Gordon, we know, for instance, that some 
oxides are very stable; some are relatively 
unstable; and that no two have exactly the 
same degree of stability, if you wish to put it 
that way. 

I am inclined to believe, and I merely throw 
this in for information on a report that I hope 
to hear a year from now by these same authors, 
that their problem may be due entirely to the 
partial pressure developed. In other words, in 
the case of nickel oxide and cobalt oxide, for 
example, nickel oxide is not as stable as cobalt. 

I am not sure of the form of those oxides at 
higher temperatures. It may well be that the 
vacuum that must be applied in order to get 
the diffraction pattern may well be acting in 
the manner of a mild reducing agent, and 
thereby taking away from the surface the 
oxide, for instance, of nickel or cobalt that 
may be formed. 


E. A. GuLBRANSEN—I think that for most 
of these oxides, in the range that we have 
studied them, up to 700°C, the free energies are 
so negative that the equilibrium with the oxide 
is considerably below the vacuum of cameras. 
We would not expect them to be decomposed. 

There may be, however, reactions within the 
film of chromium with nickel to replace it in the 
oxide, because those reactions are possible. 
Aside from silver, and possibly copper, in the 
high-temperature range, most of the oxides are 
stable. We do not expect any of the oxides We 
have studied to decompose in our camera, but 
there may be solid-phase reaction between the 
various oxides. We intend to do work with con- 
trolled atmospheres made up of hydrogen and 
water vapor, so that we can prepare one oxide 
relative to another oxide. 


*Chief Metallurgist, General Alloys Co., 
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H. S. Avery*—I think there is one point 
worthy of a little more clarification. The 
authors spoke of Fe3O4 and of the spinel type. 
Perhaps some in the audience do not appreciate 
that spinel is a type mineral. It is represen- 
tative of certain crystallography, and within 
this limitation many spinel compositions are 
possible. Quarrell?4 has stimulated an inter- 
esting discussion of the possible value of spinels 
in forming the positive scales on heat-resistant 
alloys. 

As I understand it, ‘you have lumped those 
as Fe;04 in your discussion. Actually, they 
could be very complex, chemically, when they 
are appearing on complex alloys, is that not 
correct ? 


J. W. Hicxman—To a certain extent, I 
think it is. But let us take a very simple case. 
a binary alloy, such as the iron-chrome alloy. 
There is the possibility of only two spinels and 
solid solutions of these two spinels. 


H. S. AvEry—It is the solid solutions I am 
thinking of. 


J. W. Hickman—Chromium can be displaced 
randomly through the lattice points, so that 
actually there may be a random distribution of 
iron and chromium in the structure. If we get 
a spinel with a lattice parameter greater than 
8.40A, we usually feel pretty confident that it is 
Fe;04. Ii there are any sites in the lattice 
occupied by chromium, the number of such 
sites must be pretty small to give a lattice 
parameter greater than 8.40A. 


H. S. AvEry—You said something about 
analysis. Do I understand that the chemical 
analysis of these films reveals no nickel at all? 


J. W. Hickman—We are dealing with one or 
two micrograms on the surfaces of the oxidized 
specimens, so that we have no chemical 
analyses. We have had spectrographic analyses 
of stripped oxide films. 

On nichrome 5 the spectrographic analysis 
showed no nickel; it showed only chromium. In 
this case, at temperatures up to 700°C., the 
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spinel structure is not furnishing the protec- 
tion. However, I think the spinel type structure 
does ‘grant protection to many of the alloys. 
We do not get a spinel structure in this case. 
We cannot say that protection is due to a 
given lattice. On the alloys that we classify 
as refractory or protective, we obtain either a 
spinel type structure or Cr2O; or both. 


H. S. AvEry—In reference to the nichrome 
that you mentioned as showing only chro- 
mium in the oxide film, the Alloy Casting 
Institute has surveyed the scaling resistance of 
a large portion of the chtomium-nickel-iron 
system, and in many cases it is found that 
nickel is less protective than chromium. There 
is a ratio of about one to three in favor of 
chromium. 


J. W. Hickman—I think nickel oxide can 
give a protective effect, as Mr. Gulbransen has 
mentioned. There may be a stratification of 
oxides occurring on the surface of most of the 
alloys. If oxidation takes place by the diffusion 
of metallic ions into the oxide layer, with the 
subsequent metal-oxygen reaction taking place 
on the outside, in the case of Stellite 21, it is 
possible that cobalt oxide may actually prevent 
the diffusion of ions out to the surface'and thus 
retard oxidation. In such cases, if the oxide 
were not in the outer layer, the reflection 
method would not show its presence. 


E. A. GULBRANSEN—I would like to mention 


that we have observed from electron microscope , 


studies that oxide films are formed in the 
following way: A perfect mosaic structure of 
oxide crystallites is formed, consisting of 
crystals of the order of 150 to 2000A in size. 
As the film grows, these crystals grow to larger 
units. In addition, there is a second layer of 
crystals that forms above the first layer. The 
crystals observed in this film do not form as 
perfect a mosaic structure as the initial layer. 
The initial mosaic oxide layer may be the pro- 
tective layer. This is merely a hypothesis, 
which has been proposed many times. 


MempBer—In the early part of your paper, 
you stated that there was a difference in the 
sharpness of the diffraction lines when you 
varied the nature of the polishing technique. 
Would that indicate that if we used further 
extremes of polishing techniques, we could 
produce different types of oxide on the surface? 
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E. A. GUrBRANSEN—Theré is a paper?® that 
shows that polishing of stainless steels actually 
produced chromium oxide on the surface, and 
the relative amount of chromium, iron and 
nickel, and so forth, is greatly changed by the 
polishing procedure. It does oxidize the surface 
preferentially, and the results would be 
different, depending on the polishing procedure. 


A. S. CorrinBERRY*—Was any transmission 
work done on the 13 pct chromium alloy? 


E. A. GULBRANSEN—Not in this work. In 
other papers we have done transmission 
experiments. I do not remember the results. 


A. S. COFFINBERRY—I wonder whether the 
chromium oxide was there, either in your work 
or anyone else’s chemical analysis. 


E. A. GULBRANSEN—I do not remember the 
details of that. 


J. W. Hickman—As I recall, we found on the 
surface of the polished specimen, oxidized at 
600°C. for 5 min. with o.1 atm of oxygen, an 
X20; lattice by reflection and Cr2O; plus a 
trace of Fe;O, by transmission. 


M. L. FutLter{—There is a point which was 
not mentioned in the presentation of the 
papers, but was briefly touched upon during the 
discussion that I would like to raise here. The 
authors found that in nearly every case the 
lattice parameters of the oxide films were 
significantly larger than the values shown by 
X-ray measurements on the pure compounds. 

J am interested in that both from the stand- 
point of its theoretical implications and from 
the possibility that there might be some 
explanation from an electron diffraction stand- 
point to accgunt for this. In some of our own 
work2* on electron diffraction, we have com- 
monly observed that in examining oxide films 
on metals, the specimen acquires a positive 
charge, presumably by a greater rate of 
emission of secondary electrons than absorption 
of primary electrons. 


25 Vernon, Wormwell and Nurse: Metallur- 
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The net effect of this is to attract the diffrac- 
tion rays toward the specimen, thus making the 
rings smaller in radius, and giving a calculated 
dimension larger than it should be. In our 
experimental work, we overcame this by spray- 
ing the specimen surface with low-voltage 
electrons (400 volts) and that destroyed this 
positive charge. 


J. W. Hickman—We have not sprayed the 
surface with electrons. We realize the difficulty 
that may be encountered when the specimen 
acquires a charge. I’d like to ask you a ques- 
tion, however, and that is, have you observed 
any difference in any lattice parameters? 


M. L, FuLtteEr—The lattice parameter from 
the individual rings will vary. The percentage 
difference from the X-ray value will be larger 
for the smaller ring than for the rings of larger 
diameter. 


J. W. Hickman—So that if you plotted the 
lattice parameter as going out from the central 
image, it would decrease? 


M. L. FuLtter—Yes. 


J. W. Hickman—We have not observed that. 
It will have no trend, if that is what you mean. 
For Fe30,4 the value of 8.43 plus or minus 
0.0 5A will include all. 


FE. A. GULBRANSEN—Are your studies done 
by the reflection method? 


M.L. FuLtter—Yes. 

E. A. GULBRANSEN—For thin films? 

M.L. FuLtter—Yes. 

E. A. GULBRANSEN— What particular metal? 


M. L. FuLtter—We have worked with 
various metals. 


E. A. GuLBRANSEN—At high temperatures, 
conditions are very favorable. For example, 
you cannot take a pattern of cobalt at room 
temperature, because it distorts the beam. At 
high temperatures, there is a much larger con- 
ductivity in the oxide. There is no trouble with 
charging of the specimens at high temperature. 
If we let it cool to room temperature, very 
frequently we might find with cobalt oxide a 
distorted pattern. We have not observed any 
change in the parameters. 
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E. A. GuULBRANSEN—I should like to point 
out that with oxides such as FeO, FesO,, NiO, 
and so on, where there is a possibility of solid 
solution in the metal itself, we observe lattice 
parameters larger than those reported by X-ray 
diffraction. It may be that the X-ray values 
are reported on samples that are not stoichio- 
metrically equivalent. 

FeO, for example, found in X-rays, I think, 
has oxygen concentration of 23 pct, and you 
find the value 4.24. I pointed out a curve 
before on which we plotted the reduced param- 
eters vs. oxygen concentration which gave a 
curve like this, and several people have for FeO 
varied the concentration of oxygen by proper 
heat-treatment with iron, and have observed 
that the parameter may change 0.3 or 0.4 pct. 
All the FeO parameters are made on samples 
with an oxygen concentration of about 23 pct, 
but in FeO, if I am correct, the actual concen- 
tration is under 22 pct. No one has ever 
measured stoichiometric FeO by X-rays. Iron 
is in contact with the oxides. There is the 
possibility of a large difference in the oxygen 
to iron ratios. It is a complicated problem. 


U. R. Evans*—This new study of oxide 
films is particularly welcome. To the writer, 
who is at present examining oxide films on 
nickel, it is especially satisfactory to have 
confirmation of the view that on nickel only a 
single oxide, namely NiO, is formed. 

In iron, various oxides occur in layers one 
above the other, it is not quite clear whether the 
electron-diffraction method would always serve 
to detect the lowest layer, and whether it 
would distinguish between a conglomerate of 
intermingled oxides from stratification of the 
same oxides in parallel films. The triple nature 
of the thick scales formed on iron at high 
temperatures was first clearly demonstrated 
by Pfeil;’ in rolling-mill scales, the three layers 
were detected by Jenkin, Winterbottom and 
Lewis,?® who examined sections under the 
microscope, and by the investigators of the 
National Physical Laboratory,2® who used an — 


* Corrosion Research Section, Department 
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X-ray method. At temperatures below 575°C, 
the ferrous oxide phase becomes unstable, but 
the magnetite and ferric oxide layers are 
found at relatively low temperatures. By 
transferring the films from heated iron to 
celluloid, the writer®° found that, at thicknesses 
sufficient to give first-order interference colors, 
the ferric oxide rested directly on the metal, 
whereas below the (thicker) films responsible 
for second-order colors there existed a layer 
of magnetite. Thus the thinner films assumed 
complementary colors after transfer, whereas 
the second-order colors remained unchanged, 
since the lower reflecting surface was the same 
substance (magnetite) both before and after 
the transfer. In the case of films on nickel, 
where only one oxide layer exists, the com- 
plementary relation persists up to the third 
order. 

The fact that the thin outer films responsible 
for interference colors consisted of ferric oxide 
was indicated during early work on film iso- 
lation, and was verified in the course of electro- 
metric researches in collaboration with Miley;*! 
the number of coulombs needed for reduction 
is found to agree with the loss of weight on the 
assumption that the whole of the iron is in the 
ferric condition. 

Recently the writer has been transferring 
oxide films from heat-tinted nickel to a vaseline 
basis, which allows them to take up their 
unconstrained form. This research has pro- 
vided very definite evidence of stresses in the 
films. The stress may be uniform, causing 
the films to wrinkle—a fact that shows that 
the films, when clinging to the metal, must 
have been in lateral compression parallel to the 
surface; but where the metal had been in a 
state of internal stress before oxidation, the 
films curl up on transfer, indicating that they 
have inherited a stress-gradient from the metal. 

The existence of internal stresses in films was 
really shown up in the early electron-diffraction 
work of Finch and Quarrell,’? since their 
“pseudomorphic” film can logically be re- 
garded as “‘natural” zinc oxide with its lattice 
dimensions unnaturally shortened in one 
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direction and lengthened in the other, so as to 
retain the volume of the unit cell almost at its 
normal value. The film stresses often play an 
important part in film breakdown, and may 
permit growth by “crack-heal”** under con- 
ditions where lattice migration is slow. They 
are probably operative in the breakdown of 
protection on metals placed in a liquid con- 
taining a soluble inhibitor. 

The authors suggest that the deviations in 
lattice parameter, “‘if real, may be attributed 
to the lack of stoichiometrical equivalence in 
the oxide or to the existence of stresses in the 
film.’’ There is little doubt that departure from 
stoichiometrical equivalence does exist in many 
instances, as is strongly suggested by the ex. 
tensive work of Wagner;** but it is equally 
certain that the stresses are really present. 
The authors are in the best position to decide 
which of these two causes is most likely to 
produce the deviations actually observed. 


A. G. QUARRELL*—The authors are to be 
congratulated on having carried out such a 
comprehensive examination of the oxide films 
on metals using the high-temperature electron- 
diffraction technique, and their results will be 
most valuable to those who follow them in this 
field. In comparing their results on iron with 
those obtained by Dr. Jackson and myself, I 
think it should be borne in mind that the iron 
that we used was a commercial ingot iron not 
of the high purity used by the present authors. 
It seems likely that such differences as were 
observed between their results and ours may 
well be due to differences in composition of the 
metal, coupled with differences in the con- 
ditions of oxidation. Certainly, in our results 
there was a marked difference in the oxidation 
characteristics of the ingot iron and a 0.45 pct 
carbon steel. 

Evans has recently commented on the use of 
the high-temperature electron-diffraction tech- 
nique for the examination of oxide films, sug- 
gesting that the observation of magnetite 
below 440°C and ferrous oxide above it may be 
because the decomposition pressure of magne- 
tite reaches the pressure commonly met with 
in the diffraction camera at about that tem- 


33 U. R. Evans: Nature (1946) 157, 732. 
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perature.®® It is clear that the possibility of 
such effects must be borne carefully in mind 
when assessing the results obtained by this 
relatively new technique, but in the case of the 
oxide film on iron there is additional infor- 
mation available** that the introduction of 
elements such as nickel and chromium into the 
oxide has the effect of preventing the Fe;04 S 
FeO transition. This observation is capable of a 
simple explanation on structural grounds (Joc. 
cit) but it is not so easy to see why the intro- 
duction of these elements should have such a 
marked effect upon the dissociation pressure 
as would be necessary if Evans’ views are 
correct. 

In extending their use of the high-temper- 
ature electron diffraction technique to the 
oxide films on a series of alloys, the authors 
have referred to a statement*®’ that the oxide 
formed on nickel-chromium alloys has a struc- 
ture probably corresponding to NiO.Cr2Os. 
The work referred to was reported originally in 
a note by I. litaka and S. Miyake,** but owing 
to an oversight on our part this reference was 
omitted. It is interesting to reflect that if the 
spinel pattern observed by these authors had 
been obtained from a specimen containing even 
a small amount of iron the oxide might easily 
have been reported as Fe3Os. 

This illustrates what undoubtedly is a 
serious limitation of electron diffraction as a 
means of examining oxide films on ferrous 
alloys. Existing techniques are inadequate to 
distinguish with certainty between the various 
spinel types of oxides, owing to the slight 
differences that exist between the lattice 
parameters. The present authors have called 
such spinel oxides Fes04 whenever they have 
been in doubt, but this may cause some con- 
fusion, particularly as on this basis it appears 
that Fe,O,4 is protective on certain alloys—for 
example, 13CrFe—but nonprotective on others. 
This seems unlikely, to say the least, but the 
difference in behavior could be explained*® 
if in one case the oxide were a spinel stabilized 
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by nickel, chromium, or other means and in the 
other was really Fe;O4. Similar confusion may 
arise between Cr2O3*and alpha FesO3 as the 
difference in lattice parameters is so small that 
they cannot be distinguished with certainty 
using electron-diffraction methods. 

It is interesting that the authors found FeO; 
but no evidence of FeO on mild steel in the 
temperature range where Jackson and Quarrell 
observed FeO on a medium carbon steel. 
Judging from many of the results, and from the 
experimental technique described by the 
authors, it seems probable that our films were 
thinner than those now under discussion, and 
this view is supported by the fact that, in our 
work, films sufficiently thick for examination 
by X-rays were found to consist essentially of 
alpha Fe2O3. 

I feel that it is a great pity that the authors 
have limited their experiments to temperatures 
below 700°C, particularly as many of the 
alloys they examined are normally used at 
higher temperatures. I know that it is ex- 
tremely difficult to heat electron-diffraction 
specimens much above 700°C when a resistance 
furnace is used, and it was because of this that 
Jackson and I used an electric arc for heating. 
At first sight this method appears crude and 
not capable of close control, but I can assure 
the authors that it works very satisfactorily 
at temperatures up to 1000°C, and has, in fact, 
been used to heat specimens as high as r200°C, 

The authors have made a useful summary of 
the factors that lead to formation of a pro- 
tective oxide film. I agree with them that it is 
impossible to assign any unique crystal struc- 
ture to such films. Probably the most protective 
of all are amorphous. An example is the oxide 
film on aluminum, which does not crystallize 
until a temperature approaching the melting 
point of the metal, and which is clearly very 
protective. I do feel, however, that the spinel 
XO.Y203 type probably covers a wider range 
of protective films than any other individual] 
crystal structure and that the authors’ results 
support this point of view. It is, I think, un- 
likely that the initial layer of oxide formed ona 
metal surface will consist of the various oxides 
present in the same ratio as the metals in the 
surface of the alloy. Preferential oxidation is 
much more likely to occur, and many of the 
oxide films that are noted for their protective 
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qualities are formed as a result of such preferen- 
tial oxidation. 

With regard to the position of the protective 
oxide, it seems reasonable to suppose that this 
will occur in contact with the metal substrate. 
There is evidence that the more easily oxidized 
metals accumulate on the outer surface, thus 
electron examination of a slightly oxidized 
heat-resisting steel surface revealed a spinel 
type (loc. cit.), whereas when the film was 
sufficiently thick X-ray examination showed it 
to consist of FeO, which is certainly not pro- 
tective on iron. More recently, Brouckére*® 
has observed a similar state of affairs with 
aluminum-magnesium alloys, which appear to 
oxidize at a rate controlled by an alumina 
film in contact with the metal although mag- 
nesium atoms diffuse through this layer to the 
surface, where they are oxidized to magnesia. 

I think that the authors have done a most 
useful service by applying the electron-diffrac- 
tion technique to a systematic examination of 
oxide films and I hope they will be encouraged 
to extend their work to even wider fields. 


E. A. GuLBRANSEN and J. W. Hickman 
(authors’ reply)—Dr. Mehl has raised a ques- 
tion concerning the existence of phases below 
their normal existence region. This is true for 
the FeO phase in very thin films. We have 
noticed, however, that the temperature of the 
FeO-phase transformation to Fe;O,4 is a func- 
tion of film thickness. Dr. Mehl has pointed 
out that this may be an exception to the 
general rule of phase stability. This may be 
true, but we do feel that there are good reasons 


39 Brouckére: An Electron Diffraction Study 
of the Atmospheric Oxidation of Aluminum, 
Magnesium and Aluminium- Magnesium Alloys. 
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for this behavior. We have pointed out in 
previous papers that the size of the oxide 
crystallites is a function of the film thickness. 
The free energies of the FeO and Fe;0, phases 
are functions not only of the temperature and 
pressure, but also of the surface energy and 
perhaps of the stoichiometrical ratios of iron 
and oxygen. The latter factors may change the 
stability relationships for thin films relative to 
thick films and bulk samples to make the 
existence of FeO feasible at lower temperature 
than that normally expected. The phase dia- 
grams of iron and oxygen were determined on 
bulk samples of crystals much larger in size 
than we are dealing with in thin films. It should 
also be pointed out that it is much easier to 
attain equilibrium in a thin film when com- 
pared with bulk samples. 

We should like to point out to Dr. Quarrell 
that we have recently placed in operation a 
furnace unit that is capable of reaching 1000°C. 
This furnace is briefly described in the 
discussion. 

Dr. Evans has made some very useful com- 
ments on the stratifications of the oxides in 
films and scales. We do not feel prepared 
to discuss further the deviation of the lattice 
parameters noticed in the oxide films. These 
deviations may be caused either by stresses 
within the film or by lack of stoichiometrical 
equivalence. We feel that until definité evidence 
is available on the relative rates of diffusion 
of oxygen and metal ions through the particular 
lattice the argument is futile. Experiments 
similar to those mentioned by Dr. Mehl for the 
determination of the active diffusing com- 
ponent in the oxidation reaction by the method 
of radioactive indicators are under way in 
several laboratories. We are glad to hear that 
Dr. Mehl’s laboratory is actively engaged in 
this most interesting experiment. 


An Electron Diffraction Study of Oxide Films Formed on Alloys of 
Iron, Cobalt, Nickel and Chromium at High Temperatures 


By J. W. Hicxman* anv E. A. GULBRANSEN* 


(Atlantic City Meeting, November 1946) 


In a previous paper! the authors have 
investigated the structure of the oxide 
films formed on most of the metals that 
make up the alloys of this study. The 
metals were studied in order to provide 
basic information on the structures, both 
physical and chemical, of the oxide films 
and to determine how these structures 
are effected by the temperature, time of 
oxidation, and surface preparation. It 
was felt that an understanding of the 
physical and chemical structure as well 
as the stability of the oxide film: might 
furnish clues as to the nature of the 
reaction process and the protective quality 
of the film. The oxidation of the metals 
was studied over the temperature range 
300° to 700°C. except for copper, where 
the range selected was 100° to 500°C. 
The results of these studies were presented 
in graphical form as existence diagrams 
of the oxides on a time-temperature scale. 
For some of the metals the existence 
diagrams were simple and showed few 
chemical transitions, but there were 
numerous cases where the physical state 
of the oxide surface was a function of 
time and temperature. In general the 
physical state of the oxide surface changed 
with increasing temperature so as to 
increase the sharpness of the diffraction 
patterns and to cause orientation effects 
to be more pronounced. 

Deviations in lattice parameters from 

Manuscript received at the office of the 
Institute May 6, 1946. Issued as TP 2069 in 
METALS TECHNOLOGY, October 1946. 

* Research Laboratories, Westinghouse Elec- 
tric Corporation, East Pittsburgh, Pennsyl- 


vania. 
1 References are at the end of the paper. 


X-ray values were noted. In general 
these deviations were of positive nature 
and may be due to solid solution of the 
metal in the oxide lattice. This effect might 
be expected in thin oxide films. 

In a study of the oxidation of alloys 
containing two or more metals, there 
may arise the complicating factor of 
identification of the oxides formed. A 
thorough understanding of the oxides 
formed on the pure metals, therefore, was, 
essential before investigation of the oxida- 
tion of alloys. 

In this paper it is our purpose to present 
a study of the following problems: 

1. The existence diagrams of various 
alloys. 

2. The effect of the structure of the 
alloying metal on the existence diagram of 
iron. 

3. The effect of the percentage of 
chromium on the oxides formed on Fe-Cr 
alloys. 

4. The relationships, if any, between 
the oxides formed and the protective 
quality of the oxides. 

The following alloys are included in 
this study: alloys of iron with body- 
centered cubic, face-centered cubic and 
other metals, 13 Cr-Fe, 18-8 stainless 
steel, K42B, Nichrome V, Hipernik, 
Inconel, Stellite ‘‘21,’’ Refractaloy, Kovar, 
mild steel, a series of Cr-Fe alloys and a 
series of Co-Fe alloys. 

Since many of the commercial alloys 
in this list contain more than two metals, 
various complicating factors in the identifi- 
cation of the oxides formed may arise. 
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One of these is that a variety of solid 
solution phenomena may occur; a second 
is the similarity of lattice parameters of 
many of the oxides. Cases of this type 
arise in attempting to distinguish gamma 


TABLE 1.—Lattice Parameters of Metallic 
Oxides and Metals 


Oxide a b ¢ a Structural 
FeO 4.28 Face-centered 
cubic 
CoO 4.25 Face-centered 
4 cubic 
NiO Les tf Face-centered 
cubic 
Cu20 4.24 Cubic 
MoO: 4.86 2.79 Tetragonal 
O2 4.86 2.77 Tetragonal 
Cr203 5.35 54° 58’| Rhombohedral 
a-FezO3 5.42 55° 17'| Rhombohedral 
Mo203 Rhombohedral 
W203 Rhombohedral 
MoO3 3.92|13.094|3.66 Orthorhombic 
Os 7.28) 7.48|3.82 Monoclinic 
Fe304 8.40 Spinel (cubic) 
Co304 8.11 Spinel (cubic) 
MnO.Cr203 |8. 42 Spinel (cubic) 
NiO.Cr2O3 |8.31 Spinel (cubic) 
CoO.Cr2Q3 |8.32 J Spinel (cubic) 
FeO.CroO3 |8.35 Spinel (cubic) 
MnO.Fe203 |8. 51 Spinel (cubic) 
NiO.Fe203 |8.34 Spinel (cubic) 
CoO.Fe203 |8.39 Spinel (cubic) 
y-Fe203 8.32 Cubic 
Fe 2.86 Body-centered 
cubic 
Mo 3.14 Body-centered 
cubic 
WwW 3.16 Body-centered 
cubic 
Cr 2.88 Body-centered 
cubic 
V 3.03 Body-centered 
cubic 
Al 4.04 Face-centered 
cubic 
Ni 352 Face-centered 
cubic 
Co 2.51 4.07 Hexagonal 
close-packed 
Mn "18.80 Cubic 
Si 5 


42 Cubic (dia- 
f mond) 


Fe,0; from Fe30, or other spinels, alpha 
Fe,03 from Cr2Os, NiO. Fe,03 from Fe30, 
and many others. In an alloy containing 
chromium and iron, where both alpha 
Fe.03; and Cr.O3 may be present on the 
surface, it is difficult to determine whether 
alpha Fe2O3 or Cr2O3 is present, or a 
solid solution of one in the other. The 
lattice parameters of the oxides that may 
occur in this study are collected in Table 1. 

A third complicating factor is that only 
the outer surface of the oxide film is 
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studied when the reflection technique is 
used. The degree to which the diffraction 
pattern is representative of the surface 
depends upon the shape of the surface 
roughness as well as the thickness of the 
surface oxide. 


SURVEY OF LITERATURE 


Although the oxidation of various 
alloys has been investigated by electron 
diffraction, no systematic study of any 
alloy over a wide temperature range has 
been reported. Miyake? obtained Fe-Cr20,4 
and alpha Fe:O3; on heating stainless 
steels. Quarrell* has suggested that the 
oxidation resistance of heat-resisting steels 
is largely due to the formation of a stable 
spinel structure. Chalmers and Quarrell* 
have. reported that the oxide formed on 
Ni-Cr alloys has a spinel structure and 
probably a composition corresponding to 
NiO.Cr203. Kornilov and Sidorishin® have 
investigated the oxide films formed on 
Fe-Cr-Al solid solutions in the temperature 
range 400° to 1000°C. The election diffrac- 
tion results were checked by chemical 
analyses. They have found that an iso- 
morphous mixture of oxides of the spinel 
type with a cubic crystal lattice occurred 
at moderate temperatures. With increasing 
temperature, the lattice constant of the 
solid solution of the oxides decreased and 
approached that of pure gamma AlI,0; 
(7.90A). The oxide film that formed on the 
surface had no protective properties and 
crumbled readily. 


APPARATUS 


The apparatus used in this study has 
been described by one of us.® In a recent 
paper on the oxidation of metals’ a further 
description has been given. 


EXPERIMENTAL PROCEDURE 


A complete description of the experi- 
mental procedure may be found in a 
recent work on metals! The samples 
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in this study are abraded in the precision 
abrader® finishing up with 4/o paper. 
They are oxidized without any pretreat- 
ment such as annealing. All oxidations 
are carried out using purified oxygen 
under approximately 1 mm. pressure. 
Electron diffraction photographs are taken 
in vacuo at high temperature before oxida- 
tion; after 1, 5, 30 and 60 min. oxidation; 
and after cooling to room temperature. 
All samples are cooled in 0.05 atm. of 
purified hydrogen, in order to increase 
cooling rates and to determine whether 
the oxide is easily reducible. 


CHOICE OF SPECIMENS 


Some commercial alloys are chosen, 
since the performances of these under 
various conditions are well known. The 
alloys in this study may be divided into 
four general classes, although it is realized 
that a given alloy may belong to two or 
more classes. For example, both Inconel 
and Refractaloy are refractory alloys 
but they also have good protective quali- 
ties. The following classification will be 
used in the discussion of results: 

1. Protective; 13 Cr-Fe, 18-8 stainless 
steel. 

2. Refractory; K42B, Inconel, Refracta- 
loy, Stellite “‘21”, Nichrome V 

3. Magnetic; Hipernik, 30 Co-Fe, 40 
Co-Fe and perhaps mild steel. 

4. Sealing; Kovar. 

In addition to the commercial alloys, 
certain experimental alloys were made 
in order to investigate specific effects of 
varying the percentage of alloying metal. 
Alloys of Cr-Fe and Co-Fe were selected 
for this purpose. 

Other experimental alloys were made 
up to determine whether the lattice type 
of the alloying element would have any 
effect on the oxidation products. These 
ferrous alloys contain alloying metals of 
the body-centered cubic, face-centered 
cubic and other structural types. In 


each of these the percentage of alloying 
metal does not exceed 5 per cent. 

The list of alloys with their analyses 
is shown in Table 2. 


TaBLE 2.—List of Specimens with Analyses 


Alloy Analysis, Per Cent 

0.87 Cr Fet | 0.87 Cr, 0.06 C 

1.00 Cr Fe* | 1.00 Cr, 0.12 C 

2.54 Cr Fe* | 2.54 Cr 0.036 C 

4.63 Cr Fes | 4.63 Cr, 0.044 C 

7.10 Cr Fet | 7.10 Cr, 0.057 C 

9.75 Cr Fe* | 9.75 Cr, 0.032 C 

13.0 Cr Fe 

K42Be 41.7 Ni, 22.5 Co, 20.0 Cr, 12.0 Fe, 1.89 
Ti, 0.21 Al, 0.57 Mn, 1.21 Si 

18-8 S.Se 18 Cr, 8 Ni 

5 Co Fes 5.0 Co, o.o1r C, Al 0.043 

30 Co Fes 30.4 Co. 0.22 C 

38 Co Fes 38.1 Co, 0.016 C 

Hipernik 49 Fe, 49 Ni, 2 Mn 

Inconel? 79.5 Ni, 13 Cr, 6.5 Fe, 0.25 Mn, 0.25 
Si, 0.08 C, 0.20 Cu 

Nichrome V®| 80 Ni, 20 Cr 

4.89 Ni Fe | 4.80 Ni, 0.015 C 

4.10 W Fet | 4.10 W, 0.028 C 

4.85 Mn Fee | 4.85 Mn, 0.035 C 

3.12 Al Fea | 3.12 Al, 0.011 C 

3.0 V Fe 

2.5 Ni Fes 2.54 Ni, 0.015 C 

3.05 Al Fe* | 3.05 Al, 0.015 C : 

Stellite 21 27.5 Cr, 5.0 Mo, 0.25 C, 0.93 Si, 0.83 
Mn, 1.5 Fe, remainder Co 

Refractaloy | Ni, Co, Cr, Mo, W, Fe, Mn, Si, C 

Kovar 54 Fe, 18 Co, 28 Ni 

4.09 Mo Fee | 4.09 Mo, 0.025 C 

Mild Steel 0.18 C, 0.028 S, 0.030 P, 0.32 Mn, 0.05 


Si 


« Analyzed at Research Laboratories. 
_> Chemical and Metallurgical Engineering: Mate- 
rials of Construction, 1942-1943. 


MetHop OF INTERPRETATION 


From each film the following information 
is gathered: 

1. The radii of the diffraction rings. 

2. The intensities of various rings 
relative to the most intense diffraction 
ring. 

3. The presence of orientation effects 
in the pattern as shown by the presence of 
intense spots or arcs. 

4. The sharpness or diffuseness of the 
diffraction patterns. 

The following terms will be used to 
indicate the type of pattern: (1) very 
diffuse, (2) diffuse, (3) medium, (4) sharp, 
and (5) oriented. By means of this classi- 
fication it may be possible to show transi- 
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tions in the physical state of the oxide 

films. | ; 
Where there may be difficulty in 

identifying the oxide present, preference 
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metals chosen are molybdenum, 
tungsten, chromium and vanadium. Lattice 
parameters of the metals are shown in Table t. 
The results obtained as shown in Table 3 


TYPE _OF PATTERN 
O =ORIENTED 
S =SHARP 
M=MEDIUM 
D =DIFFUSE 


50 60 


Fic. 1.—OxIDE FILMS ON IRON-BASE ALLOYS WITH BODY-CENTERED CUBIC METALS AT 500°C. AND 
CNE MILLIMETER OXYGEN. 


will be shown by an asterisk and reasons 
for the choice will be given under dis- 
cussion of results. 


RESULTS 


Iron-base Alloys with Body-centered Cubic 
Metals 


Alloys of this type are selected for 
study in order to determine whether the 
structure and the lattice parameter of 
the alloying element has any effect on the 
oxidation products obtained. All of the 
alloying metals form solid solutions in 
the body-centered cubic alpha Fe lattice. 


and Fig. 1 indicate that the lattice para- 
meter of the alloying element has no ap- 
preciable effect in producing. different 
oxidation products. However, the alloying 
elements do appear to influence the 
equilibrium between Fe;0, and alpha 
Fe.03. On pure iron! only Fe;0, is obtained 
at 500°C. while on these alloys oxidation 
proceeds from Fe;0, to alpha Fe.03 
as the time of oxidation is increased. The 
Fe,0, to FeO transition appears to be 
elevated an undetermined amount while 
the alpha FeO; to FesO4 transition is 
raised about 100°C. 
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Iron-base Alloys with Face-centered Cubic 
Metals and Others 


All of the alloying metals included in 
this study have structures different from 
that of alpha Fe. Aluminum and nickel 
are face-centered cubic metals; cobalt 
has a hexagonal close-packed structure; 
manganese has a complex cubic structure 
and silicon has a cubic structure of the 


TABLE 3.—Oxide Films Formed on Iron-base 
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tion,! although the Fe;0, to FeO transi- 
tion! is raised an undetermined amount. 
Lattice parameters of the oxides obtained 
do not appear to be affected by addition of 
these alloying elements. 

13 Cr-Fe—13 Cr-Fe is a commercial 
alloy which is used where protective 
qualities are required. It is a solid solution 
of chromium in body-centered cubic alpha 


Alloys with Body-centered Cubic, Face-centered 


Cubic and Other Metals at One Millimeter Oxygen and 500°C. 


Diffraction Patterns 


eel 
fe) : 
Alloy : Preoxidation 
cp ed Oxidized 
1 Min. 
es tale aco tats: re os yah as 
2.5 Mo Fe Bre. Se pattern Fe304 8.42 S. 
5.0 W Fe B. C. C. | FesO4 8.42 Fes0O« 8.42, 
VD: a-Fe203 
1.0 Cr Fe B.C. C. | FesOu 8.41 FesO. 8.41, 
Vel: a-Fe203 S$ 
3.0 V Fe B.C. C. | Fes0O4 8.43 | FesO« 8.43, 
Ds a-Fe203 S. 
3.1 Al Fe F.C. C. | Fe a-Fe203 V.S. 
4.89 Ni Fe..| F. C. C. gk 8.42 oo +42 
5.0100 Pe. «H.C. P. PeiO 8.43 pes 8.43 
5.0 Mn Fe. .| Cubic afer D. | Fes048.425S. 
2.0 Si Fe.... 


Diamond | Fe304 8.43 
M. D. 


Fes0« 8.43 
Sa 


Oxidized Oxidized Oxidized Cooled to 
5 Min. 30 Min. 60 Min, 25° 
FeO 8.43 bogs 8.43 pee 8.43 ves 8.43 
Feou 8.42, | FesO« 8.42, Fuoe 8.42, FesOu 8.42, 
a-Fe203 S. a-Fe203 §. a-Fe203 S. a-Fe203 S. 
FesO4 8.42, | FesOs 8.42, | FesO« 8.42, | FesO« 8.42, 
a-Fe203 a-Fe2O3 a-Fe203 a-Fe2O3 S. 
V.S. V.S. V.S. 
Fe304 8.41, | FesOs 8.41, | FesO« 8.41, | FesO« 8.41, 
a-Fe2O3 S. a-Fe203 S. oo a-Fe2O3 D. 
Fe304 8.43, | FesO« 8.43, FesOu 8.43, aoe 8.43 
a-Fe2Os3 S. a-Fe203 a-Fe203 S. 
Fes3O4 8.40, | FesO48.40 S.| FesOu 8.40 S. FesO1 8.40 
ener M. 
PesQu 8.42 ae 8.42 shat 8.42 | FesO4 8.42 S. 
Pes 8.43 | FesO8.43 S. Fuou 8.43 S. PesOu 8.43 
Fes0. 8.42 S.| Fes04 8.42 S.| Fes04 8.42 S. Fes 8.42 
Fes0. 8. Fes04 8.43 | FesO« 8.43 | FesO« 8.43 S. 
Yeu Tae Vso Ty ee 


V. Very. S. Sharp. D. Diffuse. M. Medium. O. Oriented. 


diamond type. The results obtained as 
shown in Table 3 and Fig. 2 indicate 
that Al-Fe and Mn-Fe oxidize from alpha 
Fe,03 to Fe;O4. Since only FesO4 is 
obtained in the other three alloys, Ni-Fe, 
Co-Fe and Si-Fe, it is impossible to say 
whether alpha FeO; forms first. In the 
body-centered series all alloys show the 
presence of alpha Fe2.0; as oxidation 
proceeds, whereas in this series, alpha 
Fe.,0; if obtained, is only observed early 
in the oxidation process. 

The addition of small amounts of the 
metals in this study has no appreciable 
effect on the alpha FesO3 to Fe;0, transi- 


iron. Results of this study are given in 
Table 4 and the existence diagram of the 
oxides is show in Fig. 3. 

A comparison of the existence diagrams 
of Fe! and 13 Cr-Fe indicates that the 
transition from spinel to alpha FeO; 
occurs at about 225°C. while for 13 Cr-Fe 
the transition is raised to the range 400° to 
450°C. Since FeO is not observed in this 
study, the transition of Fe;0, to FeO is 
also elevated appreciably. There is some 
uncertainty concerning the identity of 
the X03 observed. It is probably alpha 
Fe,03, although Cr.O3 or a solid solution 
of Cr2O; in alpha Fe,Q; is also possible. 


ee ee ee ee ee ee er ctr abe OO CET 


J. W. HICKMAN AND E. A. GULBRANSEN 


18-8 Stainless Steel.—18-8 stainless steel 
is a commercial alloy that has good protec- 
tive qualities. It is a solid solution of 
in face-centered 


chromium and _ nickel 


3.12%Al 


489% Ni 


5% Co 


5 %MN 


2% Si 


Ox!IDE STRUCTURE 


ys = OCFe203 


[e) 20 


. (X)=Fes0 +0¢-Fe,0, 
10 
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Since the lattice parameter of the spinel 
is 8.42A., the formula Fe;O, is assigned 
to it. At 700°C. the spinel lattice expands 
to 8.66A. and the patterns are diffuse. 


TYPE OF PATTERN 


O = ORIENTED 
S = SHARP 
M= MEDIUM 

0 = DIFFUSE 


30 40 50 60 


TIME (MIN.) 


Fic. 2.—OxIDE FILMS ON IRON-BASE ALLOYS WITH FACE-CENTERED CUBIC AND OTHER METALS AT 
500°C. AND ONE MILLIMETER OXYGEN. 


gamma iron. Results of this study are 
shown in Table 4 and plotted as an 
existence diagram in Fig. 4. 

This alloy introduces complicating fac- 
tors in the identification of its oxidation 
products, since it contains both chromium 
and nickel. For example, in addition to 
Fe;0, (8.40A.), the following spinels may 
occur; NiO.CriO; (8.31A.), NiO.Fe20s 
(8.34A.) and FeO.Cr20s (8.3 sA,). 

i Fig. 4 shows that a mixture of a spinel 
and alpha Fe2Os or Cr20s is formed over 
the complete time-temperature range. 


This indicates either that the film is 
highly stressed or that a chemical change 
is occurring. 

Measurements with the vacuum micro- 
balance? show that the oxide film begins 
to crack when the alloy is oxidized at 
0.1 atm. of O2 for 90 min. at 700°C. 
This observation confirms the fact that 
the film formed at 700°C. is highly stressed. 
Vacuum microbalance® measurements also 
show that 13 Cr-Fe is more protective 
than 18-8 stainless steel. 

The formula, alpha Fe,0;, is assigned 
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to the X.0; lattice, since the lines of this 
lattice disappear, as shown in Table 4, 
when the oxide is cooled from the range 
400° to 600°C. to 25°C. in hydrogen. 
The existence diagram of chromium! 
indicates that Cr2O, is not reducible under 
these conditions. 


grain boundaries and has the effect of 
hardening the alloy. This alloy is used 
where refractory qualities are required. 
The analysis shows that the percentage 
of iron is less than that of nickel, cobalt 
or chromium. In 18-8. stainless steel no 
oxide of nickel is observed but it may 


TABLE 4.—Oxide Films Formed on 13 Per Cent Chromium Iron, 18-8 Stainless Steel and — 
K42B at One Millimeter Oxygen 


Diffraction Patterns 


Oxidized 
5 Min. 


Oxidized 
30 Min. 


Oxidized 
60 Min. 


nee (8.47) 
FeO. (8.47), 


a-Fe20 37 


a-Fe203¢ $.0. 


AS (8.54) 


Fuios (8. “A4). 
a-Fe20 3% 


FesO« (8.42), 
a-Fe2034 
S.O. 

FesO« (8.42), 
a-Fe203? S. 

Fe30.4 (8.66), 
a-Fe2032 D. 

FesO« (8.44) 

Fes0 (8.42) 
e30« (8.42 
D. 

— (8.46) 


FesOu (8.66), 


is (8.47) 


FeO. (8.47), 

a-Fes03¢ S. 
Fe304 (8.47), 
a 3t 


S.0. 
a (8.54) 


Fe30s (8. 44). 
a-Fe2032 S 


Fe304 (8.42), 


a-Fe2039 


Fe304 (8.42), 

a-Fe2O3¢ S. 
Fes304 (8.66), 
a-Fe20 34 


FesOu (8.44). 
D 4 (9.44 


Pes (8.42) 
FesOu (8.46) 


Fes0«4 (8.47) 
S: 4 


Fes30. (8.47), 
a-Fe2032 § 
FesO« (8.47), 

a-Fe203¢ 


Fy 0. (8.54) 
es 54 

oa ry 

PesOu (8. (8-44). 


Fe2034 


FesO« (8.42), 


a-Fe2O34 


FesOu (8.42), 
a-Fe2032 S 
FesOu (8.66), 


a-Fe2032 D. 


Bae (8.44) 
Fei (8.42) 
FesO4 (8.46) 


Cooled to 
25°C. 
Hews (8.47) 
FesOa (8. 47). 
a-Fe2O32 D. 
Fe304 (8.47), 
a-Fe203¢ 
FesQu (8.54) 
FesOe (8.44) 
Ss. 
Fe304 (8. {8-42}. 
a-Fe203 
Fes304 (8.42), 
a-Fe2032 S. 
— (8.66) 
Fess (8.44) 
De 
Fe304 (8.42) 
Fes (8.46) 


Alloy Preoxidation 
Oxidized 
rt Min. 
13 Cr Fe. rome (8.47) Fes (8.47) 
13 Cr Fe. FO, (8.47), Fei0u (8.47), 
a-Fe20 34 a-Fe2034 
13 Cr Fe. a-Fe2032 V.D.| a-Fe203% s.0. 
13 Cr Fe. a-Fe2032 S. eee (8.54) 
18-8 S.S. Fe304 (8.44), Fue (8. (8.44), 
a-Fe2034 a-Fe2034 
V.D. 
18-8 S.S. FesO4 (8.42), | FesO4 (8.42), 
a-Fe2032 D a Acie 
18-8 S.S. Fe30« (8.42), FesOu (8.42), 
a-Fe203¢ D. a-Fe203¢ D. 
18-8 S.S. Pers (8.66) ie (8.66) 
K42B... FesOa (8.44) FesO4 (8.44) 
K43B..,; Peso. (8.42) PesO« (8.42) 
K42B... aati (8.46) Bag (8.46) 
K42B... FeO. (8. 66), Feds (8. 66), 


a-Fe2039 D a-Fe2032 D 


a-Fe203* D 


FesO (8.66) | FesO« (8.66) |FesO« (8.66) 
S.0. $.0. Ss. 0. 


* Fits — but ae be CreOs. 


V. Very. S. Sharp. M 


The effect of alloying elements on the 
existence diagram of iron! appears to be an 
elevation of the transition temperatures. 
In this study the alpha Fe,03; to FeO, 
and the Fe;04 to FeO transitions are 
elevated undetermined amounts. 

K42B.—K42B is a complex alloy con- 
sisting largely of a solid solution of the 
several metals. The composition as shown 
in Table 2 is 41.7 per cent Ni, 22.5 Co, 
20.0 Cr, 12.0 Fe, 1.89 Ti, 1.21 Si, 0.57 Mn 
and o.21 Al. The alloy has a face-centered 
cubic structure. A small amount of 
material is present in the form of a com- 
pound of which the composition is un- 
known. This compound appears at the 


. Medium. D. Diffuse. O. Oriented. 


appear on K42B, since the percentage of 
nickel is higher. The percentage of chro- 
mium is about the same as in stainless 
steel, therefore we may not expect to 
find Cr.0O3 on K42B. The effect of cobalt 
in the alloy is undetermined. 

Results of this study are shown in 
Table 4 and plotted as an existence dia- 


a 


on 


gram in Fig. 5. No oxides of nickel, cobalt — 


and chromium are found over the time- 
temperature range. The X,0; lattice 
appearing for short oxidation times at 
700°C. is assigned the formula alpha Fe20s, 
since it disappears as oxidation proceeds. 


The lattice parameter of the spinel (8.44A.) _ 


is in agreement with that of Fe;0, found 


- 
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on Fe.! At 7oo°C. the spinel parameter 
increases to 8.66A. in agreement with 
that of the spinel on stainless steel. 
Nichrome V.—Nichrome V is a heater 
type of alloy with good protective qualities. 


200 
OXIDE STRUCTURE 


Onna 


100 XX =  Fe203 OR Cr20s 


and plotted as an existence diagram in 
Fig. 6 indicate that only Cr:O3 is found 
above about 350°C. At 300°C. the patterns 
are so diffuse and the lines so few in 
number that it is impossible to determine 


TYPE OF PAT TERN 


O=ORIENTED 
S =SHARP 
M=MEDIUM 
D=DIFFUSE 


= Fe, 0, + Fe203OR Cf203_ 


(o} 10 20 


30 
TIME (MIN.) 


40 50 60 


Fic. 3.—OXIDE FILMS ON 13 PER CENT CHROMIUM IRON AT ONE MILLIMETER OXYGEN. 


It consists of a solid solution of chromium 
in nickel with a face-centered cubic struc- 
ture. Its analysis shows 80 per cent Ni and 
20 per cent Cr. Oxidation of the pure 
metals! nickel and chromium gave NiO 
and Cr,O3. In addition to these oxides, 
the spinel NiO.CrzO; may occur on 
Nichrome V. Since the concentration of 
nickel in the surface layer is much greater 
than that of chromium, one might expect 
to find NiO in the surface layer provided 
its tendency to oxidize is as great as that 
of chromium. 

Results of this study as shown in Table 5 


whether NiO or Cr.O3, or both, occur. 
Physical changes occur in the oxide sur- 
face as evidenced by an increase in sharp- 
ness of patterns and orientation as the 
temperature increases. 

According to Mott’s® theory of oxida- 
tion, NiO should occur on the surface 
and Cr,03; in contact with the metallic 
substrate. Thomassen’s!® study of the 
solid-phase reaction of NiO and Cr,0s 
would predict the occurrence of both 


‘NiO and NiO.Cr.O3 in this study. Our 


results are not in agreement with either 
work. 
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Hipernik.—Hipernik is a magnetic type 
alloy. It consists of 49 per cent Fe, 49 per 
cent Ni and 2 per cent Mn. It has a face- 
centered cubic structure. In terms of the 


700} 


300) 
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=Fe304 


x = KFe203 


()= FeO, +0 Fez03 
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comes thicker the patterns change from 

sharp to diffuse, indicating a change in 

the physical state of the surface. 
Inconel.—Inconel is a refractory alloy 


TYPE OF PATTERN 
O= ORIENTED 
S = SHARP 
M= MEDIUM 
D= DIFFUSE 


fe) 10 20 


30 40 50 60 


TIME (MIN. 
Fic. 4.—OXIDE FILMS ON 18-8 STAINLESS STEEL AT ONE MILLIMETER OXYGEN. 


atomic concentrations on the surface of 
the alloy, oxides of both iron and nickel 
should be obtained. In addition to the 
oxides of the pure metals, a spinel (Nio.- 
Fe.03) may occur. 

Results of this study are shown in 
Table 5 and Fig. 7. A spinel with lattice 
parameter of 8.42 to 8.43A. is observed 
over the time-temperature range. This 
parameter is much smaller than that on 
18-8 stainless steel (8.66A.) and K42B 
(8.66A.) at 700°C. Both of these alloys 
have more protective quality than Hiper- 
nik. The relationship, if any, between 
constancy of lattice parameter and pro- 
tective quality is not understood. 

Few physical changes occur in the 
oxidation study. No orientation effects 
are observed. At 700°C., as the film be- 


that may also be used as a heater or for 
its protective qualities. It consists of 
79.5 per cent Ni, 13 Cr, 6.5 Fe and small 
percentages of manganese, silicon, carbon 
and copper. Probably it is a solid solution 
type with a face-centered cubic lattice. 
Since it has about the same percentage 
of nickel as Nichrome V and no oxide of 
nickel was observed on Nichrome V, 
NiO may not be observed in this study. 

Results of this study are given in Table 5 
and Fig. 8. Up to 600°C. a spinel with 
lattice parameter of 8.43A. is found. This 
is in agreement with the lattice parameter 
of Fe ;O.,! although a solid solution of 
spinels or of metal in spinel is also possible. 
At 700°C, alpha Fe20; is also found for 
short oxidation times but disappears as 
oxidation proceeds. 
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Several regions on the existence diagram 
result from physical changes in the surface 
oxides. In general, diffuse patterns appear 
at low temperatures and for short oxida- 
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centrations of the various metals on the 

surface, cobalt and chromium oxides may 

predominate when Stellite is oxidized. 
Results of this study are shown in 
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30 40 50 60 


TIME (MIN.) 
Fic. 5.—Ox1pE Firms For K42B AT ONE MILLIMETER OXYGEN. 


tion times; the film thicknesses are in the 
thin range of the thickness scale studied. 
Above 400°C., as the temperature or the 


~ time of oxidation increases, the patterns 


become sharp. Orientation effects do not 
appear until a temperature of 700°C. is 
attained. 

Stellite ‘‘217.—-Stellite 21 is a tool 
material that has good protective qualities. 
It consists of 64 per cent Co, 27.5 Cr, 
5 Mo, 1.5 Fe with small amounts of carbon, 
silicon and manganese. It is an austenitic 
type of alloy, consisting of several phases 
whose compositions are not well known. 
Since the percentage of iron is low and that 
of cobalt is high, oxides of cobalt may 


occur on Stellite On the basis of the con- 


Table 6 with the existence diagram in 
Fig. 9. At temperatures up to 400°C., 
CoO appears to be the oxide stable in 
contact with the metallic substrate and 
on the surface where the film is thicker 
at longer oxidation times. At 500°C. a 
pattern corresponding to Cr2O3 is found 
for short oxidation times, followed by the 
appearance of a trace of a spinel (8.43A.) 
as oxidation proceeds. At 600°C. only 
Cr,O3; is found over the complete time 
range. At 700°C. both Cr,O3 and a trace 
of spinel (8.43A.) are found over the time 
range. The appearance of a spinel may 
be a function of the surface of the metallic 
substrate or of the initial oxide film, 
since it does not appear to depend upon 
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temperature in the range 500° to 700°C, 
No oxide of molybdenum is observed. 
This is in agreement with results dis- 
cussed on page 360. 

In addition to the chemical changes, 
physical changes are occurring. In the 
temperature range below 400°C. where 
only CoO is observed, an increase in 
temperature decreases the diffuseness of 


oxides occurring on the surface should be 
greater than for Stellite, since the per- 
centage of iron is roughly 1o times as 
great. Although the percentages of the 
metals in Refractaloy and K42B are 
roughly comparable, the oxidation prod- 
ucts that may form on Refractaloy may 
differ from those on K42B because of 
the difference in structure. 


TABLE s.—Oxide Films Formed on Nichrome V, Hipernik and Inconel at One Millimeter 
Oxygen 


a 


Diffraction Patterns 


Tem- 
pera- 
All ture, | Preoxidation 
Be Deg. Oxidized 
Cc. 1 Min. 
Nichrome V....]} 300 ae or NiO me or NiO 
4oo | Cr203 V.D. | Cr2O3 V.D 
soo | Cr2O3 V.D Cr2O3 D.O 
600 | Cr203 D Cr20; D.O 
700 | Cr2O3 D.O. | CreOs3 S. 
Hipernik....... 300 | FesO4(8.42),| FesOu (8.42) 
a-Fe203 De 
400 FesO4 (8.42), | FesO« (8.42) 
a-Fe203 Ss. 
500 FesO4 (8.42), | FesOu (8.42) 
a-Fe203 Ss. 
V.D. 
600 | FesO4 (8.43),| FesOa (8.43) 
a-Fe203 Ss. 
700 | FeO (4.38) Fou (8.43) 
: D.O. 
Tnconel ss aje2350> 300 FeO (8.43) 


eos (8.43) 

ree (8.43) 
V.D 

FesO4 (8.43) 
V.D. 

aoe (8.44) 


Fei (8.45), 
a-Fe2O3 D. 


PeiO (8.43) 

pat (8.43) 

Fes01 (8.44) 
M. 


Fes04 (8.45), 
a-FesO3 
M.O. 


Oxidized Oxidized Oxidized Cooled to 
5 Min. 30 Min. 60 Min. 25°C. 
os or NiO eas or NiO cae or NiO a or NiO 

Cr:03 V.D. | Cr203 V.D Cuos v.p. |cuosv.p. 
Cr2O3 D.O Cr2O3 D.O Cr2O3 D.O. Cr203 D.O. 
Cr20; S.O Cr2O3 S.O. Cr20; S.O. Cr2Q;3 8.0. 
Cr2O3 S. Cr2O3 Cr2O;3 V.S.O.| Cr203 V.S.O. 


Pee (8.42) 

FesO« (8.42) 
s. 

Fe304 (8.42) 
Ss. 


‘feat (8.43) 

koe (8.43) 

FeO (8.43) 

PGi (8.43) 
D. 

Fe304 (8.43) 
M. 

FesO« (8.44) 

Fes0u (8.45), 


a-Fe2O3 
M.O. 


pores (8. 42) 

Fe304 (8.42) 
Ss. 

Fe30.4 (8.42) 
Ss. 


Fe30« (8.43), 
a-Fe:O3 
aaa (8. 43) 
ys (8.43) 
Fe 0. (8.43) 
iN ‘ 
wk (8.43) 
ope (8.44) 


Fei04 (8.45), 
a-Fe2O3 
S.0. 


Fe304 (8.42) 
D. 

Fe30«¢ (8.42) 
Ss. 

Fe304 (8.42) 
Ss. 


Fe304 (8.43), 
a-Fe2O; S. 
oes (8.43) 
Pee (8.43) 
Pei04 (8.43) 
Wet (8.43) 
nes (8.44) 


Fex04 (8.45), 


a-Fe203 
Ss 


Fe304 (8.42) 
D. 

Fe;04 (8.42) 
D.O. 
Fe3:04 (8.42) 
D. 


Fe:0« 

Fe, Beso S. 

re ie - 
PesOu es 43) 
——s (8.43) 
BT (8.43) 
yt (8.44) 


FeO (8.45), 
e203 
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the patterns. Above 400°C. the patterns 
are all sharp for oxidation times greater 
than 5 min. Orientation effects are observed 
at 600°C. where Cr.O; is the only oxidation 
product. 

Refractaloy.—Refractaloy is a_ refrac- 
tory alloy that has good protective quali- 
ties. It consists of cobalt, nickel, chromium, 
iron, molybdenum, tungsten, manganese, 
and small amounts of silicon and carbon. 
It is an austenitic type of alloy consisting 
of several phases whose compositions 
are not well known. The probability of iron 


Results of this study are shown in 
Table 6 and Fig. ro. At 300° and 400°C., 
CoO is obtained. This is in agreement with 
Stellite but not with K42B. At 500° and 
600°C., a spinel (8.43A.) is observed. At 
700°C., Cr2Ox is the principal constituent, 
although a trace of spinel does appear. 
These results are in agreement with K42B 
except for the XO; lattice at 700°C. 
The absence of oxides of nickel is in 
agreement with the results obtained on 
Hipernik and Nichrome V. 

Orientation effects show up at 500°C. 
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and above for all oxidation times. All 
patterns at 400°C. and below are diffuse. 
The appearance of the spinel lattice is 
accompanied by sharp patterns. 
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300 


followed by a region at 400° and 500°C. 
where sharp patterns are obtained. Above 
soo°C. the patterns become diffuse. A 
relationship between the lattice parameter 
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Kovar.—Kovar is an alloy that is used 
in making glass-to-metal seals. It has 
little protective quality. Its composition 
is 54 per cent Fe, 18 Co, 28 Ni. It is a 
solid solution type of alloy with a face- 
centered cubic structure. 

Table 5 and Fig. 11 give the results of 
this study. In the temperature range 
300° to 500°C., a spinel type of oxide with 
lattice parameter of 8.43A. is obtained. 
At 600° and 700°C., the initial oxide film 
formed in vacuo consists of a mixture of 
Fe,0, and alpha Fe.O3. After oxidation 
with «t mm. Os, a spinel with lattice 
parameter of 8.53 to 8.5sA. is obtained. 

There is a low-temperature range below 
4oo°C. where the patterns are diffuse, 


and the sharpness of the patterns obtained 
may exist above 500°C. 

Mild Steel.—Mild steel may be classified 
as a magnetic alloy with poor protective 
quality. It has a body-centered cubic 
structure. 

Results of this study are shown in Table 
7 and Fig. 12. A comparison of Fig. 12 
with the existence diagram of iron! shows 
several important differences. On mild 
steel alpha Fe.03 is not observed at 
250°. FeO is not observed up to 700°C. 
for all oxidation times. Therefore, the 
existence regions of gamma Fe.Os, alpha 
FeO; and FeO are stabilized. Jackson 
and Quarrell'! find evidence for the Fe;04 
to FeO transition at 450°C. on mild steel. 
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This is not verified in this work even for 
the thin films. The existence regions of the 
various oxides occurring on iron seem to 
be quite sensitive to the presence of 
impurities. 
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of Cr203. At the time this study was com- 
pleted, 13 Cr was the highest percentage 
alloy available although it seems now that 
higher chromium alloys might give very 
interesting results. 
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Cr-Fe Alloys.—The alloys of Cr-Fe in 
this study are all solid solutions and have 
body-centered cubic structures. This study 
is undertaken to determine whether the 
percentage of chromium in the lattice 
had any effect on: (1) the oxidation pro- 
ducts obtained and (2) the lattice con- 
stants of the oxidation products. Results 
of this study are shown in Table 7 and 
Fig. 13. In some cases it is impossible to 
determine definitely whether Cr.O3; or 
alpha FeO; is present. However, in these 
cases the data seem to fit the lattice 
spacings of alpha Fe.O; better than those 


Cr203; is the only oxidation product 
found on the alloys containing 2.5, 5.0, 
7.§ and 9.75 per cent Cr. The alloy with 
1 per cent Cr gives a mixture of alpha 
Fe,03 or Cr2O3 for short oxidation times 
and alpha FeO; plus Fe;O, for the longer 
oxidation times. The lattice constant of 
the spinel on the 13 Cr Fe is 8.47A., while 
that on the 1 Cr Fe is 8.41A. Since FesO. 
and FeO.Cr,0; are the only spinels 
possible, and since the lattice constant of 
FeO.Cr.O3; is 8.35A., it appears that 
FesO4 may be the oxide present. A value of 
8.43A. was obtained for FeO, on iron. 
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There may, of course, be a solid solution 
of these two spinels. 

Our results indicate that the percentage 
of chromium in the lattice appears to have 
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parameter of 8.43 to 8.48A. is formed on 
all samples for all oxidation times. This 
spinel may be Fe3O4 (8.40A.) or CoO.Fe20s3 
(8.39A.). We do not believe it is possible 
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an effect on the oxidation products ob- 
tained, although we have no simple 
explanation for the transition from spinel 
to CrO3 and back to spinel as the per- 
centage of chromium increases. 

Co-Fe Alloys——The Co-Fe alloys used 
in this study are solid solution alloys with 
body-centered cubic lattices. Table 7 
and Fig. 14 show the results of this study. 
These alloys are of the magnetic type and 
have poor protective qualities. This series 
is selected in order to determine whether 
there exists a critical percentage of cobalt 
where oxides of cobalt would appear. 

A spinel type of structure with lattice 


to distinguish between the two with the 
accuracy of the method used. Although 
FeO was observed on pure iron! at 600°C., 
it is not observed on any of these alloys. 
The addition of cobalt stabilizes the 
existence region of Fe3Os. 


DISCUSSION OF RESULTS 


The factors that determine the chemical 
and physical structure of the oxide film 
on the surface of an alloy are as follows: 

1. The rates of formation and diffusion 
of the various metal ions through the 


oxide lattice. 
2. The rate of diffusion of the oxygen 
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molecule or atom through the oxide 
lattice. 

3. The thermodynamic stabilities of the 
oxides formed. 

4. The lattice type and its resemblance 
to the original metal or alloy lattice. 

5. Chemical reactions occurring in the 


TABLE 6.—Oxide Films Formed on Stellite 


theoretical ideas on energy barriers in the 
solid state. Thus factors 1, 2, and’7 are 
unknown from both theory and experi- 
ment. Factors 3 and 5 may be estimated 
from thermodynamic data, and factor 4 
is known from lattice structure data. 
Factor 6 is in general unknown. 


21, Refractaloy and Kovar at One Millimeter 


Oxygen 


a _____EEEESEEne 


Diffraction Patterns 


Tem- 
pera- 
Alloy ture, | Preoxidation 
Deg. Oxidized 
I Min. 
Stellite 2r.>.... 300 | No pattern ae Fos 30) 
400 | No pattern Cod (4. 30) 
500 | Cr203 V.D. | Cr2Oz V.D. 
600 | Cr2O3 Cr203 S.O. 
V.D.O. 
700 | Cr2Os, Cr203, 
Fe304% FesOu 
(8.43) M. (8.43) S. 
Refractaloy....} 300 | No pattern £0 oY 29) 
400 | No pattern C00" (4. 20) 
500 Her0a (8.43) ee (8.43) 
600 Marte (8.43) aos (8.43) 
700 CuO. cao 
FesO42 FesO4* 
(8.43) S.O. | (8.43) S.O. 
KeOVar straiereen 300 | No pattern wy (8.43) 
400 | No pattern FeO. (8.42) 
500 re (8.43) ee Ae (8.43) 
600 Feo, (8.43), ees (8.53) 


~ edge 


Fuoi (8.45), 


Oxidized Oxidized Oxidized Cooled to 
5 Min. 30 Min. 60 Min. 25°C. 
CoO (4.30) ie a 30) | CoO (4.30) | CoO (4.30) - 
mo" a ¢ M.O. M.O. 
ooh (4.30) C00 on 30) A (4.30) — (4.30) 
Cros V.D. Cds, ees Cr0s, 
Fe;042 Fe3042 Fe;04 
(8.43) S. (8.43) S. (8.43) S. 
Cr20; S.O. Cr203 S.O. Cr20; S.O. Cr203 S.O. 
Cr203, Cr2O3, Cr2O3, Cr20s, 5 
Fe3042 Fe3042 Fe3:042 Fes042 
(8.43) S. (8.43) S. (8.43) S. (8.43) S. 
ra ) 4 20) cate hae 29) oe Be 29) — 2 29) 
CoO (4.29) | CoO (4.29) CoO (4.29) CoO (4-29) 
M. M. M. M. 


Fes04 (8.43) 
S.O. 
EGS (8.43) 


FesO« (8.43) 
Feo (8.43) 
e304 (8.43 
S.0 


ee (8.43) 
ee (8.43) 


FesO4 (8.43) 
S.O. 

come (8.43) 
S.0. 


CHO. Cros, Caok. Cri03, | 
Fe;:04¢ Fe3042 Fe3:04 Fe;042 
(8.43) S.O. (8.43) S.O. (8.43) S.O. (8.43) S.O. 


ee (8.43) 
PeiOe (8.42) 
Fei (8.43) 
Fe304 (8.53) 
M.O. 


Fe304 (8.43) 
M. 

Hen (8.42) 

Fei (8.43) 

Fes. (8.53) 
M.O. 


FesO4 (8.43) 
M. 

pan (8.42) 

FeiOe (8.43) 

Fess (8.53) 
M.O. 


FesO4 (8.43) 

FeO (8.42) 
e +42 
M.- 

Fe M. 

No pattern 


No pattern 


Fe304 (8.55) 
M.O. 


a-Fe203 M 


Fes0«4 (8.55) | FesOa (8.55) | FesOu (8.55) 
M. M. D. 


« Trace. V. Very. S. Sharp. M. 


oxide film between the several oxides or 
between metal ions or oxygen atoms and 
-the several oxides. 

6. The preoxidation treatment given to 
the alloy, such as annealing, polishing 
and cleaning. 

7. The rate of nucleation and growth 
of the oxide crystal. 

Some of these factors are known from 
thermodynamic and lattice-structure data. 
Other factors are not known in detail 
because of the difficulties in formulating 


Medium. D. Diffuse. O. Oriented. 
The formation of ions in the oxide 
lattice involves an energy barrier that 


probably is dependent on the ionic charge. 
Thus, the metal or alloy may form divalent 
ions in the oxide lattice more readily than 
trivalent ions. The concentration of the 
several ionic species not only depends 
upon the rate of formation but also on 
their diffusion through the lattice. The ease 
with which an ion diffuses through the 
lattice for a given concentration gradient 
will depend upon the ionic size. An in- 
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spection of the ionic sizes of Fe** (0.7 5A.), 
Fet++ (0.60A.) would show that Fe*+t++ 
would have the highest diffusion rate. 
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the equilibrium state the reaction will 
approach. Energy barriers may prevent 
this state from being normally observed. 
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The influence of the lattice type and its 
relationship to the original metal or alloy 
lattice can be seen best by consideration 
of the oxidation of Cr-Fe alloys. According 
to Goldschmidt!® both FeO and Fe30,4 
have lattices that can be readily derived 
from the alpha Fe lattice. Cr,O3 and alpha 
Fe.03, on the other hand, obey the rhom- 
bohedral type of lattice, which differs 
considerably from the underlying metal 
structure. In the oxidation of such an 
alloy it’ would appear probable that a 
cubic spinel lattice would be formed and 
not the rhombohedral lattice. 

The thermodynamic stabilities of the 
several possible oxides in the thin-film 
state on a metal surface will determine 


Caution must be used in applying ther- 
modynamic data made on bulk samples 
in these calculations. 

Chemical reactions are occurring con- 
tinually in thin films, since the factors 
affecting the structure of the oxide film 
are functions of the film thickness, the 
temperature and the environment. These 
variables were studied experimentally on 
iron in a previous paper.’ 

The effect of the abrading process on 
the oxides formed on pure metals was 
studied for iron in a previous paper.’ 
With alloys the abrading process not 
only may affect the nature of the surface 
asperities but may concentrate one of the 
components of the alloy in the surface 
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film. This was studied recently for stainless 
steel by Vernon, Wormwell and Nurse.!* 
Their results show that the higher the 
degree of polishing, the greater the change 
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the iron-base alloys with-body centered 
cubic alloying metals, alpha FeO; in 
addition to Fe3O4 is formed as the oxidation 
proceeds. A comparison of these data 
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of the Cr-Fe ratio in the oxide film. Thus, 
this ratio is changed by a factor of 45 
while the Ni-Fe ratio remained unchanged. 


Iron-base Alloys with Body-centered Cubic 
Metals 


The alloys studied consist of solid 
solutions of molybdenum, tungsten, chro- 
mium and vanadium in the alpha Fe 
lattice. The oxidation resistance of the 
base-metal Fe probably is increased in 
all of these alloys. The oxidation of pure 
alpha Fe at 500°C. results in the formation 
of FeO for short periods and Fe;0,4 for 
long periods of oxidation. However, for 


with those for alpha Fe indicates that the 
alloying metal has elevated the upper 
boundary zone for the mixture alpha 
Fe,03 +- Fe;0.. 

Oxidation proceeds from Fe;04 to 
alpha Fe,0; as the film develops. This 
is in agreement with the observations that 
alpha Fe.03 forms only in an unlimited 
supply of oxygen, where equilibrium 
conditions are being approached. 


Tron-base Alloys with Face-centered Cubic 
Metals and Others 


This series of alloys behaves in a different 
manner from the body-centered cubic 
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series. For the Mn-Fe and Al-Fe alloys, 
alpha Fe.O; is observed in thin films and 
Fe;O, for thicker films. In the other cases 
only Fe;O, is formed. This contrasts with 
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13 Cr Fe—The results of this study 
show that both a spinel and a rhombohedral] 
lattice, X,O3, are formed. X may be 
either an iron or a chromium ion. From 
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the observation that alpha Fe2O; is found 
only for the long oxidation experiments 
on the body-centered cubic alloying metal 
series of alloys. The addition of various 
alloying metals has not appreciably affected 
the lattice parameters of the oxides. 


Protective Alloys 


13 Cr Fe and 18-8 stainless steel are pro- 
tective to the oxidation reaction below 
7oo°C. At or near this temperature the 
oxide film has been observed to crack 
away from the alloys. This may be con- 
sidered an upper limit to their high- 
temperature uses. 


the lattice-parameter calculations, we have 
assigned the formula FeO, to the spinel. A 
solid solution of the two possible spinels 
also may occur, which would result in 
the formula FeO.Cr,.Fee-2O3s. X is any 
number having a value from zero to two. 
The chromic ion has replaced the ferric 
ion in a random manner. 

An unusually large value for the Ao 
of Fe;04 is observed at 700°C.; namely 
8.54A. This may be due to distortion from 
the stresses between the film and the 
metal, or to a special type of solid solution 
in which the stoichiometric ratio of the 
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metal to oxygen is changed. The latter 
effect is discussed by Goldschmidt.'® 
Mott’s? theory would predict the oc- 
currence of oxides of iron on the surface 
and Cr.O;3 in contact with the substrate. 
The former is observed while the latter 
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At 700°C. a value of 8.66A. is calculated 
for the spinel. This large value may 
possibly be correlated with the fact that 


at or near this temperature the very high 


stresses in the film are relieved by cracking.” 
Miyake? has studied the oxides formed 


TABLE 7.—Oxide Films Formed on Mild Steel, Chromium-iron and Cobalt-iron Alloys at 
One Millimeter Oxygen 


Tem- 
pera- 
Alloy ture, | Preoxidation 
Deg Oxidized 
C. 1 Min. 
Mild steel...... 250 oar (8.42) a (8.42) 
300 No ake seer 
Fe304 
(8.43) V-S. 
400 | No pattern fates (8.42) 
500 | No pattern FesO4 (8.43) 
V.S.O. 
600 | No pattern | Fe304 (8.42), 
gree 
V.S.0 
700 | No pattern aA (8. 47) 
TO. OL RiGee erste 600 | FesO« (8.41) | FesOa (8. 41), 
Vis a-Fe2O03 S. 
ars Crews. ts 600 | Cr203 D Cr203; M 
BEOMCBIEG oceals als 600 | Cr203 V.D. | Cr2Os M. 
Peer OT NG; sieve oe 600 | CroOz D. Cr203 S. 
O75 Cr Pers oc: 600 | CroO3 D. Cr203 S. 
£3,0 CriHe. 2. a. 600 | a-Fe203 a-Fe20 32 
: Vb. S.O. 
RCO, Canales 600 Fore (8.43) Hei0e (8.43) 
0) CO Fes vis caee 600 No Meakeg FeiQu (8.43) 
40) Coi Pe... hea 600 


FeiO« (8.48) Fes (8.48) 


es (8.42) 
Fass (8.43), 


VS. 
Fe304 (8.42) 

V.S. 
FesO« (8.43) 

V.S: 


Diffraction Patterns 


Oxidized Oxidized Oxidized 


Cooled to 


5 Min. 30 Min. 60 Min. 25°C 


gi tery (8.42) 
Foo. (8.43), 


pig th 


ct (8.42) 


Fess (8.43), 
< Noaeyi 


Pei (8.42) 
Feou (8.43), 


a-Fe2032 “ey 
re (8.42) 
Fuios (8.43), 


a-Fe203 ees 

FesO« (8.42),| FesOu (8.42), FesOu (8.42), 

ory ae ae ee a-Fe203 S. 
PeiOe (8. 47) | a-Fe20;3 V.S. | a-Fe2Os V.S. 
Pao (8. 40), FesO04 (8.41), | FesOa (8.41), | FesOu (8.41) 

a-Fe2038S a-Fe203 S. pts e203 D. . 
Cri0s S. Cr:03 V.S._ | Cr203 V.S. PesQa (8.44) 
Cr03 $ Cr:0; $ Cr0: S. Cri03 S. 
Cr:03S Cr.038 CrO3 Ss. Cr2O3 Ss. 
Cr203 V.S Cr2O3 V.S. Cr2O3 V.S. Cr2O3 V.S. 
a-Fe20 34 FesO« (8.47), | FesO4a (8.47), | FesO« (8.47), 

yuhe < aes 3% a-Fe205¢ a-Fe2034 

FesO« (8.43) Peis (8.43) FeiO. (8.43) | Fe (2.86) M. 
PesO« (8.43) FesQ (8.43) | FeaOa (8.43) | FesO« (8.43) 
FeiO« (8.48) PeiOe (8.48) Fei (8.48) | Fe (2.86) S. 


¥ 


* Fits alpha Fe2Os but may be CrzO3. V. Very. S. Sharp. M. Medium. D. Diffuse. O. Oriented. 


prediction cannot be verified by this 
method. 

18-8 Stainless Steel—A mixture of spinel 
and an X,O; lattice is obtained over the 
entire existence chart. The lattice param- 
eter of the spinel is found to be (8.42A.) 
up to a temperature of 600°C. This would 
eliminate the possibility of assigning the 
formulas NiO.Cr.03; (8.31A.), NiO.Fe.0; 
(8.34A.) and FeO.Cr.0;(8.35A.). Since 
the lines of X:03 disappear upon cooling 
in hydrogen, the formula alpha Fe.Q3; is 
assigned to it. Studies on chromium! 
indicate that Cr.O; is not reduced under 
these conditions. 


on heating stainless steel. He assigns the 
formula FeO.Cr.O; to the spinel and alpha 
Fe2O3 to the rhombohedral lattice. 

It is of interest to note that this alloy 
is a solid solution alloy in a face-centered 
lattice. However, the cubic spinel is 
readily formed in this as well as on the 
body-centered cubic alloy 13 Cr Fe. 


Refractory Alloys 


These alloys are more protective to 
oxidation than the simple protective 
alloys and have much greater strengths 
at high temperatures. They are complex 
chemically and in some cases are not 
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structurally homogeneous. These alloys 

are used where maximum strength and 

oxidation resistance are desired. 
K42B.—This alloy is not structurally 
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value of 8.66A. in agreement with the 
results found on stainless steel. It is inter- 
esting to note that orientation effects 
appear for the longer oxidation periods 
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homogeneous, since a small amount of 
material whose structure is unknown occurs 
at the grain boundaries. 

The results show a spinel structure 
over the complete existence diagram. 
Although nickel, cobalt and chromium 
are present in larger percentages than 
iron, no oxides of these metals are observed. 
We have assigned the formula Fe;O4 to 


“the spinel from lattice-parameter cal- 


culations. However, it may be possible 
that the spinel consists of a solid solution 
of the various spinels containing nickel, 
cobalt, chromium and iron. At 700°C. the 
spinel lattice expands 2.8 per cent to a 


at 700°C. but do not occur for the shorter 
oxidation periods. This suggests the oc- 
currence of a physical transformation. 
Inconel—The results show a spinel 
structure of Inconel over the complete 
existence diagram except at 700°C., where 
a mixture of alpha Fe,0; and FeO, is 
observed. Lattice-parameter calculations 
yield a value of 8.43A. for the cubic spinel. 
We have assigned the formula Fe;O, to 
this spinel in spite of the fact that the 
alloy contains only 7 per cent Fe. No 
detectable lattice expansion of the spinel 
is observed at 700°C. The stability of the 
lattice parameter may be correlated with 
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the protective quality of the film, providing 
the film has not relieved itself of the strains 
by microscopic cracking. In the latter 
case the film would no longer be protective. 


=Fe30, 
xX =K-Fe203 
&) ={—Fe203+Fe304 
paler 
x] =Cf203 OR Fe203 
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at 500° and 600°C. indicates that at these’ 
temperatures ions of iron have greater 
rates of formation and diffusion than 
Cr+++, whereas at 700°C. Crt*+ surpasses 
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Refractaloy.—Refractaloy is a very com- 
plex alloy in terms of both its composition 
and its structure. Several phases exist 
in the alloy of which the compositions 
are not well known. All of these factors 
complicate the oxidation process. 

Results below 400°C. show only the 
presence of CoO. At 500° and 600°C. 
the spinel Fe3;0,4 is obtained. At 700°C. 
the oxide consists mainly of Cr.O3, although 
a trace of spinel does appear. The appear- 
ance of the spinel as the predominant oxide 


the ions of iron. The absence of oxides of 
nickel is in agreement with the results 
obtained on Hipernik, Inconel and Ni- 
chrome V. 

No lattice-parameter expansions of the 
cubic spinel lattice are observed. 

Stellite 21.—According to Hoyt,?® Stellite- 
has an oxidation resistance about equal 
to that of Inconel. The atomic population 
density in the surface should favor the 
formation of oxides of cobalt, chromium 
and molybdenum. The percentage of 
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iron is so low that the occurrence of 


oxides of iron on the surface would indicate 


that the rates of formation and diffusion 
of ions of iron are very high. 
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time-temperature range. In Nichrome V 
the atomic population of nickel in the 
surface layer should favor the formation 
of NiO. Mott’s® theory of oxidation pre- 
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At 400°C. and below, only CoO is 
observed. Above 400°C. Cr203 is the 
predominant oxide, although a trace of 
spinel is observed. Somewhere in the 


temperature range 400 ~toe500.C.7Crttt 


surpasses Cott in getting to the surface. 
This indicates that an investigation of 
Co-Cr alloys might give interesting results. 

At 700°C. the cubic spinel appears 
together with Cr,03. We have assigned 
the formula Fe;0, to this spinel from 
lattice-parameter calculations. Solid solu- 
tions of the various spinels are also possible. 
No evidence is observed for lattice param- 
eter expansion at 700°C. 

Nichrome V.—Our results indicate that 
only Cr2O; is formed over the complete 


dicts the formation of NiO on the surface 
and Cr.O; in contact with the substrate. 
Chalmers and Quarrell* report that the 
oxide formed on Ni-Cr alloys has a spinel 
structure and probably a composition 
corresponding to NiO.Cr.O3;. Our data 
differ from the theoretical predictions of 
Mott and the experiments of Chalmers 
and Quarrell. 

It is of interest to correlate this study 
on thin films with the equilibrium diagram 
of the system Cr20;-NiO as determined 
by X-rays and reported by Thomassen’ 
for bulk samples of the oxides. The stoichio- 
metric composition of the oxides formed 
from a complete oxidation of Nichrome V 
would be 7 mols NiO per mol Cr2Os. 
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This mixture would react at high tem- 
perature to form NiO and smaller amounts 
of NiO.Cr.03. We have found only Cr203. 
This could result only from a reaction 
where the mol ratio of NiO to Cr.O; is 
0.25 or less. In this zone NiO is going 
into solution in the Cr.O; lattice. The lack 
of agreement may result from a con- 
centration of chromium in the surface 
layer, or the fact that reactions in thin 
films depart considerably from equilibrium 
conditions. 

Nichrome V is a very protective alloy 
and is used in electric-heater units. The 
occurrence of Cr.Os in the surface of 
Nichrome V may account for its high 
oxidation resistance. 


Magnetic Alloys 


Two alloys are included in this group: 
namely, Hipernik and mild steel. Mild 
steel is of interest because of the presence 
of small amounts of carbon and other 
elements in the alpha Fe lattice either 
interstitially or in solid solution. The 
interest in Hipernik results from its com- 
position and not in the alloy’s protective 
qualities. 

Hipernik—From the viewpoint of 
population density there should be equal 
probability for the formation of oxides of 
iron and nickel. From the viewpoint of 
oxidation the role of manganese is un- 
known. A comparison of the ionic sizes 
Fet+ (0.75A.), Nit+ (0.70A.) and Fet++ 
(0.60A.) would indicate that the rates of 
diffusion favor the formation of Fet+**. 
If the energy barrier determining the 
rates of formation of the ions is dependent 
on charge, Ni*+ and Fet+ would be formed. 

Our results show that a spinel structure 
is formed except in several experiments 
at soo° and 600°C. The formula Fe30,4 
has been assigned to the spinel since the 
lattice parameter of NiO.Fe.O3; (8.34A.) is 
much smaller than that observed 8.42 
to 8.43A. 


Mild Steel——The investigation of the 
oxidation of mild steel indicates that the 
presence of small percentages of impurities 
has a decided effect upon the existence 
regions of the various oxides of iron.’ In 
general, these existence regions are elevated 
to higher temperatures. Although FeO is 
observed at 500°C. on iron, it does not 
appear even at 7oo°C. on mild steel. 
This is not in agreement with the results 
reported by Jackson and Quarrell,"' who 
found that the Fe;0, to FeO transition 
occurs at 450°C. 


Sealing Alloy (Kovar) 


The oxidation of Kovar produces no 
oxides of cobalt or nickel on the surface. 
The lattice parameter of the spinel formed 
increases from 8.43A. at 500°C. to 8.53A. 
at 700°C. This alloy has poor oxidation- 
resistance qualities. At the low and high 
ranges of the temperature scale the patterns 
are diffuse, indicating that the surface 
condition is in poor physical state to give 
good diffraction effects. At 7oo°C. the 
film is quite thick and shows evidence of 
cracking. 


Cr-Fe Alloys 


This series of Cr-Fe alloys, ranging from. 


1 to 13 per cent Cr, gives interesting 
but conflicting results. The 1 per cent Cr-Fe 
and 13 per cent Cr-Fe alloys show the 
presence of spinel whereas the other alloys 
show only Cr.O3. Since it is known that 
the oxidation resistance of iron-chromium 
alloys increases as the percentage of 
chromium increases in the range 5 to 
27 per cent, one might expect different 
oxides to be predominant on the surface as 
a function of the percentage of chromium. 
On the basis of relative atomic population 
densities in the surface layers, one might 
expect that the probability of occurrence 
of CrsO3 on the surface would increase 
as the percentage of chromium increases. 
This does not appear to be true, since a 
spinel type of structure is found on 13 Cr-Fe. 


‘ 
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There may be an inversion point, where 
iron ions have a greater tendency to form 
and diffuse through the oxide layer to 
the surface. An investigation of the oxida- 
tion of alloys containing more than 13 per 
cent Cr is indicated. 


Co-Fe Alloys 


The alloys of this series have poor 
protective qualities. Since the lattice 
parameters of Fe;O,4 (8.40A.) and CoO.- 
Fe,0; (8.30A.) are almost the same, it is 
impossible to determine whether one or 
the other or both are present. The increase 
in percentage of cobalt has no appreciable 
effect on the oxides observed and very 
little effect on the lattice parameters of 
the oxides. No oxides of cobalt are ob- 
served. In comparison with Stellite and 
Refractaloy, one might expect to find CoO 
occurring at temperatures below 400°C. 


Deviation of the Calculated Lattice Param- 
eters from X-ray Values 


Previous work! indicated that the 
electron diffraction method gives lattice 
parameters for the oxide films formed on 
iron, cobalt, nickel, chromium and copper 
.that are slightly larger than the X-ray 
values. These parameters showed negligible 
time and temperature effects. 

The deviations of the lattice parameters 
obtained in this study are shown in Table 8. 
The data show in general that positive 
deviations occur on the oxide films formed 
on the alloys studied. The average devia- 
tion of the Fe;O, lattice for all of the 
measurements except those at 700°C. 
is 0.3 per cent. Similar calculations for 
the alpha Fe,03; and Cr.O; lattices give 
0.3 per cent deviation. At 700°C. the 
lattice parameters calculated for Fe;O, 
show a marked increase in deviation, 
while the lattice parameters calculated 
for alpha Fe203 and Cr20; show no change. 
This is due to the large expansion in 
the Fe;0, lattice found in the 700°C. 


experiments on mild steel, K42B, 13 Cr-Fe 
and 18-8 stainless steel. 

A possible explanation of the positive 
deviations of the lattice parameters of the 
oxides found on the pure metals iron, 
cobalt, nickel, chromium and copper 
has been previously discussed. In cor- 
relating the data obtained on alloys, an 
additional factor must be considered. This 
factor is the solid solution of the various 
ions in the oxide lattice that may result 
in a change in the parameters. We feel, 
however, that the stresses located between 
the film and the metal, and the possible 
changes in the stoichiometric ratio of 
metal to oxygen, are the important factors 
in accounting for the positive deviations 
observed. 


CONCLUSIONS 


The results show that the composition 
of the oxides found by electron diffraction 
may not be directly correlated with the 
composition of the alloy. This may result 
from the following experimental facts 
observed on the alloys: 

1. Iron and chromium ions diffuse more 
readily to the surface than the other metal 
ions. 

2. NiO is never observed on the surface 
even where present in large percentage, 
as in Nichrome V; this may indicate a 
low diffusion rate for the ion. 

3. CoO, if observed on the surface, ap- 
pears only at low temperatures. 

4. With the exception of iron and 
chromium, metals that constitute no more 
than 5 per cent of an alloy do not occur 
as simple oxides on the surface. 

The lattice parameters of the oxides 


observed are in general agreement with © 


X-ray values although slightly larger. 
They appear to be independent of the 
time of oxidation; in other words, they 
are independent of film thickness at 
constant temperature. They are, however, 
in certain cases dependent upon the 
temperature of oxidation. 
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Alloys that are refractory or protective 
usually form films consisting of Cr.Os, 
spinel XO.Y.2O; or a mixture of these two. 
In general the spinel has been assigned the 
formula, Fe;0,4, although solid solutions 
may be present. 

In order that an alloy shall be protective, 
it should have a low rate of formation of 
the metallic ions in the oxide and a low 
rate of diffusion of these ions through the 
oxide present on the surface. In special 
cases, where the oxide is an oxidation 
semiconductor, the role of diffusion of 
the oxygen atom or molecule must be 
considered. The rate of formation of the 
ions is dependent upon the characteristics 
of the metals in the alloy and the oxides 
on the surface. The rate of diffusion of the 
ions is a function of the metallic ion and 
the oxides present in the surface film. 
The oxide film must also adhere to the 
alloy in order that no cracks may develop. 
The oxide must be stable to further lattice 
and chemical transformations. Although 
the role of inclusions in affecting the 
characteristics of the oxide film is not 
known, in general it is felt that the presence 
of such material is deleterious. The presence 
of grain-boundary concentration of impuri- 
ties is recognized, but to date no experi- 
mental evidence exists as to the effect 
on the characteristics of the oxide film. 

In discussing the protective quality of 
alloys to the oxidation reaction, we have 
used the concept of a protective film. 
In the previous paragraph we have dis- 
cussed our interpretation of this film. 
Let us review our results to determine 
has any 
unique chemical and lattice structure. 
We find that Cr.O3, spinel XO.Y203, a 
mixture of Cr,O3 and spinel, and CoO 
occur on the protective and refractory 
alloys. We have also postulated that the 
oxide film should be stable to chemical 
and lattice transformations. With Stellite 
21 and Refractaloy a series of ‘lattices 
appears as the temperature of the oxidation 
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is increased. There appears to be no unique 
lattice that can be correlated with the 
protective quality of the alloy. 

Another question of interest is the possi- 
ble position of the protective part of the 
oxide film. The initial layer of the oxide 
that is formed on the surface may consist 
of various oxides present in the same ratio 
as the metals in the surface of the alloy. 
As the oxide develops, stratification occurs 
of the several oxides that may be formed. 
This results from the different rates of 
formation and diffusion of the several ion 
species in the alloy. Thus, if the protective 
layer is ascribed to one particular lattice, 
this lattice may occur in contact with the 
metal substrate in the body of the oxide 
or on the surface. In any case, the protec- 
tive layer either hinders the formation 
of new metal ions or hinders their diffusion 
to the surface. 

The electron diffraction reflection tech- 
nique gives a reliable tool for the study 
of the composition of thin films up to 
toooA., but for thicker films gives in- 
formation on only the surface layer. The 
presence of stratification in thick films 
is more readily studied by the. X-ray 
diffraction technique. 


ABSTRACT 


The electron diffraction reflection method 
is used to study the chemical and physical 
structure of the oxide films formed on 
alloys consisting primarily of iron, cobalt, 


_nickel and chromium. Typical commercial 


protective, refractory, magnetic and sealing 
alloys are included. The reaction of these 
alloys with oxygen is studied in situ 
at temperatures from 300° to 700°C. 
and for various times of oxidation. The 
chemical structures found are plotted 
as functions of the time and temperature 
of oxidation, and the existence region of a 
particular oxide is determined. The factors 
that may determine the existence of a 
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particular oxide on the surface are dis- 
cussed in relation to what is observed. 

The following results are obtained: 
(t) iron and chromium ions diffuse more 
readily to the surface than the other 
metal ions, (2) NiO is never observed on 
the surface of its alloys even when present 
in large percentage, as in Nichrome V 
and Inconel, (3) CoO, if observed, appears 
only at low temperatures, (4) with the 
exception of iron and chromium, metals 
that constitute no more than 5 per cent 
of the alloy do not occur as simple oxides 
on the surface. 

For the oxides that obey the cubic type 
of lattice, the unit cell sizes are calculated 
and compared with the X-ray values 
obtained on bulk samples. The lattice 
parameters obtained yield positive devia- 
tions from the X-ray values. The param- 
eters are independent of the time of 
oxidation but in certain alloys are depend- 
ent upon the temperature of the reaction. 

The protective and refractory alloys 
do not form any unique lattice structure. 
Cr.03, XO.Y.0O3 spinel, a mixture of 
Cr.O3 and XO.Y.2O3 spinel and CoO are 
found to occur on protective and refrac- 


tory alloys. The nature of the protective 
state is discussed. 


REFERENCES 


1. Gulbransen and Hickman: Metals Tech., 
AIME (Oct. 1946—T.P. 2068); this 
volume page 306. 

2. Miyake: Sci. Papers Inst. Phys. Chem. 

Res. (Tokyo) (1937) 31, 161. 
Quarrell: Nature (1940) 145, 821. 
Chalmers and Quarrell: The Physical 
Examination of Metals, 225. London, 
1941. Arnold. 

5. Korniloy and Sidorishin: Compt. rend. 
(Doklady) U.S.S.R. (1944) 42, 20-23. 
Gulbransen: Jnl. Applied Physics (1945) 

16, 718-724. 

7. Gulbransen: Trans. 
(1943) 83, 301. 

8. Rice: Electronic Structure and Chemical 
Binding, 242. McGraw-Hill Book Co. 

9. Mott: Trans. Faraday Soc. (1940) 36, 


ae 


S 


Electrochem. Soc. 


472. 

10. Thomassen: Jnl. Amer. Chem. Soc. (1940) 
Gz, 27345 

Ir. Jackson and Quarrell: Iron and Steel Inst. 
Special Report No. 24 (1939) 65. 

12. Pauling: The Nature of the Chemical 
ee Ed.1. Cornell Univ. Press, Ithaca, 

13. Vernon, Wormwell and Nurse: Metallurgia 
(1944) 31, 19. 

14. Hoyt: Metals and Alloys Data Book, 204- 
205. 

15. Hoyt: Metals and Alloys Data Book, 179. 

16. Goldschmidt: Jul. Iron and Steel Inst. 
(1942) 146, 157T. 

17. Gulbransen: Unpublished measurements 


DISCUSSION 
See page 331 


oa omer te 


An Electron Diffraction Study of Oxide Films Formed on 
Molybdenum, Tungsten, and Alloys of Molybdenum, 
Tungsten and Nickel 


By J. W. Hickman* anp E. A, GULBRANSEN* 


(New York Meeting, March 1947) 


THE physical and chemical structure 
of the oxide films formed on metals and 
alloys is of interest in our understanding 
of their protective properties. According 
to Pilling and Bedworth,! if the specific 
volume of the oxide is equal to or greater 
than that of the metal, a compact or con- 
tinuous structure results; if the volume 
of the oxide is less, a cellular or porous 
structure forms. With the cellular type of 
coating the surface layer of oxide offers 
no impedance to oxidation; at a given 
temperature the rate of oxidation is quite 
constant. On the other hand, the compact 
type of coating acts as an effective barrier 
to oxygen and the rate of oxidation will 
follow a parabolic law. 

The recent work of Gulbransen? and of 
Leontis and Rhines* on the oxidation of 
magnesium indicates that it is not neces- 
sary for the volume of the oxide to be 
greater than that of the metal in order 
that the oxidation may follow a parabolic 
rate law. 

One exception to the rule of Pilling and 
Bedworth! is noted by Scheil;* namely, 
tungsten. At 500° and 700°C long-time 
oxidations indicate a linear rate law with 
time. However, Dunn’s® oxidation measure- 
ments from 700° to 1000°C indicate that 

Manuscript received at the office of the 
Institute Dec. 6, 1946. Issued as TP 2144 in 
Metats TECHNOLOGY, April 1947. 

* Research Laboratories, Westinghouse Elec- 
tric Corporation, East Pittsburgh, Pennsyl- 


vania. ; 
1 References are at the end of the paper. 
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a parabolic rate law is followed. The 
oxide is mainly yellow WO, with a thin 
layer of the blue oxide. Preliminary results 
on the oxidation of tungsten® in the tem- 
perature range 400° to 500°C indicate 
that the oxidation does proceed according 
to a parabolic rate law. Irrespective of the 
actual rate law that tungsten may obey, 
it is of interest to compare the results 
obtained on the oxidation of tungsten in 
the thin film region with those found when 
the metal is scaling. A time-temperature 
study of the oxides formed on both molyb- 
denum and tungsten may indicate whether 
there exist any peculiarities in the oxide 
structures of the thin film region compared 
with those of the scaling region of oxidation. 

In a recent paper the authors’ presented 
an investigation of the structures of the 
oxide films formed on the metals iron, 
cobalt, nickel, chromium and copper. The 
results of these studies are presented in 
graphical form as existence diagrams of 
the oxides on a time-temperature scale. 
The existence diagrams of the oxides oc- 
curring on some of the metals are simple 
and show few chemical transitions, but 
there are many cases in which the physical 
state of the oxide surface changes as a 
function of time and temperature, as 
evidenced by the appearance or disap- 
pearance of orientation effects and sharp- 
ness of patterns. In general an increase in 
temperature results in an increase in 
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sharpness of the diffraction patterns and 

in more pronounced orientation effects. 
The structures of the oxides occurring 

on various alloys® are reported under 
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have an effect on the existence diagrams 
of the oxides occurring on molybdenum 
and tungsten. 

In the study of the oxides occurring 
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Fic 1—EXPERIMENTAL DIFFRACTION PATTERNS OF OXIDES OF MOLYBDENUM AND TUNGSTEN. 


investigation by the electron diffraction 
technique. The metals, molybdenum and 
tungsten, are of importance in various 
industries today. Many of the alloys that 
are required to have high-temperature 
strength contain these metals. Therefore, 
an investigation of the oxides occurring 
on the metals and some of their binary 
alloys should be made before attempting a 
study of the more complex high-tempera- 
ture resistant alloys. The investigation® 
of the oxides occurring on K42B, Hipernik, 
Inconel, Nichrome V, Refractaloy and 
Kovar show that no simple oxide of nickel 
occurs in the outer surface of the oxide 
layer even when the percentage of nickel 
in the alloy is fairly high. One reason 
given for this is that nickel ion may have 
a low diffusion rate. Another may be that 
solid-phase reactions may take place, 
causing the disappearance of any nickel 
oxide that may form. Since nickel often 
does impart increased oxidation resistance, 
the binary alloys of tungsten and molyb- 
denum with nickel are of interest. It is 
possible that the addition of nickel may 


on a binary alloy containing molybdenum 
and tungsten, various factors arise that 
may complicate the identification of the 
oxides formed. Two of these are the high 
vapor pressure and low melting point of 
MoO;. A third is the similarity of the 
structures of the oxides that may form, 


-as shown in Fig 1. In addition, solid solu- 


tions of the various oxides may occur, which 
would further complicate identification. 

In this paper it is our purpose to present 
a study of the following problems: 

1. The existence diagrams of the oxides 
occurring on molybdenum and tungsten. 

2. The existence diagrams of the oxides 
occurring on the alloys 80 Mo-20 W, 
93 Mo-7 Ni, 93 W-7 Ni. 

3. The effects, if any, of heating and 


_ cooling the oxides that form on these — 


metals and alloys. 


SURVEY OF LITERATURE 


No systematic study of the oxides that 
form on molybdenum and tungsten using 
the electron diffraction technique is re- 
ported. However, various oxides of these 
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metals have been investigated by X-ray 
diffraction. 

The most recent study of the molyb- 
denum-oxygen and tungsten-oxygen sys- 
tems is given by Hagg and Magneli.? 
Prior to this work various oxides of molyb- 
denum are reported; among these are 
MoOs;, MoOsz, Mo;Or1, Mo:0;, Mo;0g3 
and Mo4O;. The existence of the first 
two is firmly established, while among the 
last four the formula Mo2O; seems to 
have the preference. 

Hagg and Magneli® find that the alpha 


phase MoO; is stable up to 10o50°C when 


heated in vacuo for 35 hr. The accepted 
orthorhombic space group is confirmed 
with only minor revisions in cell dimen- 
sions. Two other phases, beta and beta 
prime, with compositions close to MoOxz.90 
are also obtained. The formula of the 
beta phase is not defined; that of the 
beta prime phase is given as MooQxze, 
Single crystals of each of these phases may 
be obtained. An investigation of the beta 
prime phase shows that it is built upon a 
monoclinic unit cell. A gamma-phase is 
isolated from a preparation MoO2.75 
(17 hr at 670°C). This phase is stable to 
700°C but decomposes in the range 700° 
to 850°C. Its formula may be Mo,Oun. 
The complicated powder photographs pre- 
clude the possibility of determining the 
symmetry or cell dimensions. A delta- 
phase, MoOz, is the only phase observed 
between the gamma-phase Mo,On, and 
Mo at temperatures lower than 700° 
to 850°C. Goldschmidt’ reports a tetra- 
gonal structure of the rutile type for 
MoO:, which is not confirmed by Hagg 
and Magneli,? who find the symmetry 
to be monoclinic. Powder photographs 
of the beta and beta prime phases when 
heated to 850°C often show an epsilon- 
phase together with MoO; and MoO:. 
This phase disappears when heated to 
to00°C. and is stable in the temperature 
range 700° to 1000°C. It is not possible to 
obtain the epsilon-phase alone, so that 
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its composition is not given. It is unfor- 
tunate that Hagg and Magneli? do not 
include the diffraction patterns of the 
phases obtained. 

Hanawalt, Rinn and Frevel!! report the 
X-ray diffraction pattern for Mo.O3. 
This oxide is not confirmed by Hagg 
and Magneli.? The authors report’? the 
presence of this oxide in an electron diffrac- 
tion and microscope study of the oxides 
occurring on molybdenum. A more careful 
investigation of our data indicates that 
all the lines may be identified as those 
belonging to MoOse. Rinn'™ reports. that 
the formula assigned earlier is in error 
and that the pattern obtained may be 
identified as that resulting from a mixture 
of Mo and MoO.. 

Because of the similarity that tungsten 
bears to molybdenum in chemical reac- 
tions, one might expect to find similar 
oxides occurring on tungsten. Smithells 
and Rooksbys!4 report the X-ray diffrac- 
tion patterns of WO;, WO, and W20s. 
The first two of these are definitely estab- 
lished while opinions differ as to the last 
where both W,20; and W.,Oun are reported. 
Van Liempt,!® Tarjan,!® and Ebert and 
Flasch!” seem to confirm the latter formula. 
Glemsen and Sauer!® give a phase analysis 
of tungsten oxides by means of X-ray 
powder photography. 

Hagg and Magneli,® in the most recent 
study of tungsten oxides, report an alpha 
phase, WOs;, which Braekken!® reports as 
being triclinic. No attempts are made by 
Hagg and Magneli® to check these results 
or to interpret the powder photographs. 
A beta phase, which is homogeneous 
between WO>,95 and WOz2.g2, is monoclinic 
and forms blue, very thin needles when 
heated at 1o0o°C. Lines of a gamma 
phase occur alone in preparations WOs.75 
(40 hr at 1to0o0°C) and WO2:.60 (40 hr at 
1000°C). Its homogeneity range lies be- 
tween WO2.s3 and WOs2, 50 with W4Oi: as its 
most probable formula. It forms reddish 
violet needles, which are monoclinic. A 
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delta phase, WO:, is isomorphous with 
MoO; having a monoclinic cell and 
not tetragonal as reported earlier by 
Goldschmidt.?° 

Phelps, Gulbransen and Hickman” re- 
port a study of the oxide films formed on 
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EXPERIMENTAL PROCEDURE 


A complete description of the apparatus 
used in this study is reported by one of 
us.2° The samples of molybdenum and 
tungsten are prepared by powder metal- 
lurgy and have a purity of 99.9+. The 


molybdenum at 450° and 500°C and on alloys are not analyzed but the per- 


TaBLE 1.—Experimental Interplanar Distances of Tungsten Oxides 


WO: WO2 
Oxidized Mineral Synthetic Oxidized Oxidized Synthetic 
Tungsten Powder “Tungstite”’ WO: Tungsten Rod |Tungsten Rod WO: 
Film X-ray Card Card Electron Electron Card 
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centages given are those which are used 
in their preparation. Samples in the form — 
of rods 0.375 in. in diameter and 0.375 in. 
long are given a surface finish using the 
precision abrader?° and ending with 4/o 
emery paper. Oxidations are carried out 
after the abrading treatment without any : 
other pretreatment such as annealing or — 
etching. Purified oxygen under approxi- H 


tungsten at 400° and 450°C. MoO: is 
obtained at 450°C by reflection and 
transmission electron diffraction, while 
at 500°C a mixture of MoO, and MoO; 
is obtained by reflection and MoO; by 
transmission. Diffuse patterns of WOs; 
are found by transmission on tungsten at 
4oo° and 450°C. No reflection data for 
tungsten are given. 


J. W. HICKMAN AN 


mately 1 mm pressure is used in all 
oxidations. Electron diffraction reflection 
photographs are taken in the vacuum of the 
camera at high temperature before oxida- 
tion; after 1, 5, 30 and 60 minutes oxida- 
tion; and after cooling to room temperature 
under approximately 0.05 atmosphere 
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planar distances shown in Tables 1 and 2 
are compared with those obtained by 
other workers using X-ray diffraction as 
given in Fig tr. 

The data are presented in the form of 
existence diagrams of the oxides plotted 
on a time-temperature scale. These dia- 


TABLE 2.—Experimental Interplanar Distances of Molybdenum Oxides 


MoO; MoO: 
Oxidized Mo Oxidized Mo Synthetic Oxidized Mo Synthetic 
Powder Rod MoOs3 Rod MoO2z 
: X-ray Electron Card Electron Card 
; Spectrometer Diffraction 1720 Diffraction 11-946 
% ona 
d I d wh d I d fg d eh 
6.77 6.5 6,.9 2.4 3.41 6 3.425 10.0 
3.80 TR 3.85 6 3.80 6.0 2.82 I 2.811 I.0 
3-44 10.0 3.49 3 3.46 4.0 2.603 ETO; 
3.25 £0; 3.27. I nes 10.0 2.45 10 2.424 8.0 
3.00 Ons 3.00 0.6 2.21 4 ae A fa | 2.0 
~. 2.68 0.2 2.70 2 2.66 me | 1.86 Ld 1.844 3.0 
2.64 On L974 8 1.722 6.0 
2.50 I 2.52 0.8 1.708 7.0 
; 2.30 6.3 2.28 3 2.30 332 1.605 3.0 
2.26 0.7 2.26 0.6 1.56 5 I.531 3.0 
Byes 0.6 I.467 1.0 
1.96 0.4 1.98 3 1.97 2.4 I.414 3 I.402 4.0 
1.85 o.1 1.86 2 1.85 2.4 1.390 2.0 
1.82 O.2 1.353 2 
ro73 O.2 r.73 4 bee fs} 1.6 1.310 t I.301 2.0 
1.69 OVE r.70 I 70 0.4 1.287 t.,0 
I.66 (ees 1.65 2 1.67 a2 I.214 3 1.215 2.0 
1.63 1.2 1.185 I 
1.59 O38 Latah § 2 1.60 a2 1.043 I 
1.57 0.6 okt 2 1.57 1.4 .969 I 
I.50 Opt I.50 0.3 922 I 
1.48 0.2 1.475 0.8 
F.44) ; 0.4 I.43 I I.440 2.0 
I.40 Ons 1.395 0.6 
1.38 0.9 


pressure of hydrogen. Hydrogen is used 
as a cooling medium to enhance the cooling 
rate and to determine whether the oxides 
present are easily reducible. 


MetTHoD oF INTERPRETATION 


The method of interpretation is de- 
scribed completely in earlier papers.’® 
No attempt is made to determine the 
orientation of oxide films that show 
evidence of such effects by the appearance 
of intense spots or arcs; nor is any study 
made of the orientation of the metallic 
interface. Typical electron diffraction inter- 


grams may not represent equilibria, since 
no attempt is made to bring the systems 
to equilibrium, although it is possible 
that equilibria may be established quickly 
when the oxide films are thin. 

The terms ‘“‘oriented,” “sharp,” ‘‘me- 
dium” and ‘‘diffuse” occurring on the 
existence diagrams and _heating-cooling 
experiments and represented by the letters 
O, S, M, and D, respectively, refer to the 
types of diffraction patterns. 

In the heating and cooling experiments 
the samples are held at the several tem- 
peratures for at least ten minutes before 
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the electron diffraction photographs are 
taken. 
RESULTS 


Typical electron diffraction photographs 
of WO:, WO3, MoO: and MoO; are given 
in Fig 12. 


700 
600 
500 
400 


tc f 


300 
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30° 
TIME (MIN) 


in August 1945. The column headings 
Oxidized Tungsten Rod refer to the 
samples of Fig 4; 30 minutes at 500°C 
for WO; and 5 minutes at 700°C for WOsz. 

Table 1 shows that many more diffrac- 
tion reflections occur using the X-ray 


TYPE OF PATTERN 
O = ORIENTED 
S = SHARP 
M = MEDIUM é 
D = DIFFUSE 


40 50 60 


Fic 2—OxIDE FILMS ON MOLYBDENUM. 


Table 1 shows a comparison of the 
X-ray and electron diffraction data for 
WO; and WO, of this study and X-ray 
diffraction data of other workers. The 
column heading Oxidized Tungsten Powder 
refers to a sample of tungsten powder of 
99.9+ purity (200 mesh) oxidized at 
700°C for one hour in one atmosphere of 
air. The resultant oxide is yellow in color. 
Cards II-676, II-679, and II-929 refer to 
The First Supplementary Set of X-ray 
Diffraction Patterns published by The 
American Society for Testing Materials 


spectrometer than the standard film 
technique. Portions of the same sample are 
used in these studies. All of the reflections 
recorded by the spectrometer may be 
accounted for by combining the data of 
tungstite and synthetic WO;. There is 
no evidence that WOz is formed under 
these experimental conditions although 
electron diffraction data of tungsten 
oxidized at 700°C (Fig 4) show the presence 
of both oxides. It appears that WOz2 does 
not form at 700°C unless the oxide is in 
contact with the metallic substrate. The © 
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electron diffraction data of the oxidized 
tungsten rod under WO, fits synthetic 
WOs (card II-679) very well as does the 

electron diffraction data for WOz fit card 
II-929, except that the three fairly strong 
lines 2.389, 1.708, and 1.697 do not occur 
while 2.19 is an extra line in the electron 
diffraction pattern. There appears to be 
little doubt, however, that the thin oxide 
film is WO,. 


cat 


metallic substrate for MoOs to appear 
at 700°C. The column headings Oxidized 
Molybdenum Rod refer to the samples of 
Fig 2; 60 minutes at 400°C for MoO; 
and 5 minutes at 700°C for MoO». The 
electron diffraction data of MoO; agree 
fairly well with the data of card 1720. 
That of MoOe agrees with card II-946 
although two of the strong X-ray reflec- 
tions, 1.708 and 1.695, are missing. 


TABLE 3.—Summary of Results 


Oxide Structure Remarks 


, Oxi- 
Wetalvor Type of | Fig- |Temperature | dation 
Alloy Experi- | ure Range, Time, 
ment? No. Deg C Min- 
utes 
Mo ED 2 300-700 60 
WwW E.D. 4 300-700 60 
80 Mo-20 W | E.D. 6 300-700 60 
93 Mo-7 Ni | E.D. 8 300-700 60 
93 W-7 Ni E.D. Io 300-700 60 
Mo H. & Cy 3 400—700~25 60 
300—700-25 60 
WwW Nek vera On 5 500—700—25 60 
300—-700-25 30 
80 Mo-20 W|H. &C. 7 400—700-25 30 
i 300—700-25 30 
93 Mo-7 Nie | H. & C. 9 300-700-25 30 
: 300—700-25 60 
93 W-7 Ni Elec. II 300—700-25 30 


500—-700-25 I 


Table 2 shows a comparison of the 
X-ray and electron diffraction data for 
MoO; and MoO, of this study and X-ray 
diffraction data of other workers. The 
molybdenum powder of 99.9+ purity 
(200 mesh) oxidized at 700°C for one hour 
in one atmosphere of air is investigated 
with the Geiger counter X-ray spectrom- 
eter. The spectrometer data agree very 
well with the X-ray diffraction data of 
- MoO; (card 1720 of the original set of 
X-ray diffraction patterns of the American 
Society for Testing Materials). Fig 2 
shows that only MoOz is observed above 
450°C by electron diffraction. Evidently 
the oxide must be in contact with the 


MoOz3 + MoO: to 450°C 
MoO:z > 450°C 


WOs to 650°C. 
WO: + WO2 > 650°C 


MoOs + MoO: to 550°C 
MoO:z > 550°C 

MoO3 + MoO: to 700°C 
MoO: at 700°C > 30 min 
WOs3 to 550°C 

WO2 > 550°C 

MoO: 

MoO; — MoO: at 400°C 
WO3 — WO2 at 650°C 
WO; — WO: at 550°C 
MoO:z 

MoO; — MoO: at 400°C 
MoO3 

MoO; — MoO: at 400°C 
WO3 

WOs 


MoO2z > MoOs in vacuo 
to 400°C 
MoOsz in vacuo > 400°C 
No reduction 
WOs3 in vacuo to 600°C 
WO:2 in vacuo at 700°C 
No reduction 
MoO:z in vacuo 
No reduction 
MoO: in vacuo 
No reduction 
WOs3 in vacuo to 500°C 
WO2 in vacuo > 500°C 
No reduction 


«E.D., Existence Diagram Experiments; H. & C., Heating and Cooling Experiments. 


Table 3 gives a summary of the results, 
which are shown more completely in 
graphical: form in Figs 2 to 11. Under 
Remarks additional data are given for 
photographs taken before oxidation at 
high temperature and after cooling to 
room temperature in hydrogen. The 
term ‘no reduction” under Remarks 
means that the room-temperature photo- 
graph is the same as the 60-minute high- 
temperature photograph. 

In addition to the heating and cooling 
experiments on tungsten in Fig 5, a sample, 
oxidized at 625°C for one minute, gives a 
mixture with WO; greater than WOs:. 
Heating to 650°C in vacuo and holding 
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at 650°C for 60 minutes results in WOz 
greater than WO3;. Upon heating to 700°C 
and holding there for 30 minutes, complete 
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DISCUSSION OF RESULTS 


The thermodynamic data associated 


with all chemical equations are calculated 


(60 MIN) 


a = Mo O2 


Fic 3—EFFECTS OF HEATING AND COOLING OXIDE FILMS ON MOLYBDENUM. 


transition to WOz occurs. The transition 
‘WO; to WO: appears to be complete for 
this film thickness in the region of 675°C. 

The rate of oxidation of tungsten® 
indicates that the oxide films are approxi- 
mately 4500A for the 500°C oxidation and 
45A for the 300°C oxidation of Fig s. 
From an extrapolation of Dunn’s® data 
we calculate the film of the 625°C one 
minute oxidation to have a thickness of 
approximately 10,oooA. The trend in the 
WO;-WO; transition temperature as a 
function of thickness is 550°C (45A) to 
650°C (4500A) to 675°C (10,c00A). All 
calculations of film thickness are based on 
a surface roughness ratio of unity. 


from the published data of Seltz, Dunkerley . 


and De Witt,?! and Thompson” at 600°C 


Molybdenum 


The results indicate that MoO, is the 
oxide that is stable in contact with the 
metallic substrate throughout the tem- 
perature range 300° to 700°C. As the film 
gets thicker in the low-temperature range, 
MoO; becomes predominant on the surface 
of the oxide coating. Above 400°C, MoOs 
is no longer observed; MoO, is the only 
oxide obtained. There are four possible 
reactions that may prevent MoO; from 
being observed at 600°C: 


a 
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2 MoOs (s) + Mo (s) = 3 MoO: (s); AF°;; = —39,966 cal Kr = rot!0 [r] 
r and Kz are the free-energy and equilibrium constant of the reaction 


MoOs (s) = Mo (s) + 20, (g); AF°r =+123,516 cal Kp = 107909, 


MoOs (s) = MoO, (s) + = Oo (g); AF°x = 


P. 
MoO; (s) = MoOs (g) 


Reaction 1 will have a great tendency 
to go so that MoOz2 may be expected to 
form on the surface at 600°C. This is in 
agreement with the results shown in 
Fig 2. For reaction 1 to go, it is necessary 
that molybdenum ions diffuse to the 
sutface to react with any MoO; that 
may form. 

If MoO; evaporates as gaseous molecules, 
this oxide would not be observed on the 
surface. If the oxide coating above 400°C 
is stratified with MoO; in contact with the 


a substrate and MoO; evaporates from the 


Aunts 


surface, MoOz would be observed by 
electron diffraction. 

Reactions 2 and 3 are not possible 
thermodynamically, so that MoO: cannot 
form by partial decomposition of MoO3. 

We may then express the oxidation of 
molybdenum as proceeding according to 
the following mechanisms: 


Poz = 107-796 atmospheres [2] 


+27,850 cal Kp = 1078-94 and 


o2 = 1071388 atmospheres [3] 
4 


be the result of different conditions. in 
the existence diagram and the heating 
experiment. The sample of the existence 
chart at 400°C undergoes successive oxida- 
tion and evacuation while the heating- 
experiment sample is oxidized directly for 
60 minutes. Total oxidation time in the 
first case is greater and the formation of 
MoO; may be a function not only of film 
thickness but of time of heating in the 
presence of oxygen. The transition of 
MoO; to MoO, occurring in the second 
heating experiment proceeds according 
to reaction 1. In actuality this transition 
is occurring when the oxygen pressure is 
approximately 10-° mm, since the pressure 
in the camera is 10-4 mm of mercury. 

The absence of MoO, in the diffraction 
pattern of oxidized molybdenum powder 
(Table 2) is not unexpected, since no 
molybdenum ions are available for reac- 


Mo (s) + O2 (g) = MoO: (s); AF°x = —95,666 cal, Kz = 10+23.9 [s] 
MoO: (s) + “ Oz (g) = MoOs (s); AF°n = —27,850 cal, Kz = tot. [6] 


The initial oxide that forms is MoOz 
according to reaction 5. At low tempera- 
tures MoO; forms according to reaction 6. 


Above 400°C, if any MoO; forms it 


immediately reacts with molybdenum 
ions, which diffuse out from the metal 


into the oxide lattice and form MoO, 


according to reaction 1. 
The heating and cooling experiments 
(Fig 3) are not in complete agreement 


- with the existence diagram of Fig 2. The 


60-minute 400°C experiment should have 
shown the presence of MoO; but only 
MoO, is obtained. This discrepancy may 


tion 1 to occur. The powder oxidizes 
according to reactions 5 and 6. 

Although Hagg and Magneli® report 
the occurrence of MosOy; which is stable to 
700°C, our results do not show the presence 
of this oxide or of the various phases 
approximating the formula MoO3. Un- 
fortunately no diffraction data for any of 
phases are given by Hagg and Magneli.® 


Tungsten 


The results shown in Table 3 and the 
existence diagram of Fig 4 indicate that 
WO; is the oxide stable in contact with 
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the metallic substrate up to approximately 
600°C, while WOz forms first at 700°C. 
Tungsten differs from molybdenum in 
this respect. Thermodynamic calculations 
at 600°C show that: 


ELECTRON DIFFRACTION STUDY OF OXIDE FILMS 


agreement with Fig 4, it appears that 
evaporation of WO; does not occur ap- 
preciably at 7oo°C under the vacuum 
conditions in the camera. 

The data for the oxidized tungsten 


2 WOs(s) + W (s)=3 WO: (s); AF°r = —13,173 cal; Kr = 10t** 


[x] 


WO; (s) = W (s) + z O» (g); AF’ = +143,214 cal Kp = 10758, 


WO; (s) = WO; (s) + = 0: (2); AF°r = 


WO; (s) = WOs (g) 


Po2 = [2] 


10~?3-4 atmospheres 


+ 43,347 cal Kp= 1071, 


Po2 = 1077! atmospheres [3] 
4 


According to reaction 1 WO: should be 
observed on the surface at 600°C. This 
is not in agreement with Fig 4, although 
WOsz is observed at 700°C. One explanation 
for the absence of WOz at 600°C may be 
that tungsten ions do not have sufficient 
mobility to get to the surface and react 
with WO; according to reaction 1. This 
is in agreement with the results at 700°C, 
since WOz occurs alone in the thin-film 
region while WO; appears as the film 
gets thicker. Fewer and fewer tungsten 
ions reach the surface with increasing 
film thickness, so that reaction 1 does not 
occur. 

The electron diffraction data indicate 
that tungsten oxidizes up to 600°C accord- 
ing to the following: 


powder (Table 1), where only WO; is 
observed, are in agreement with the oxida- 
tion reaction mechanism proposed, since 
no tungsten ions are available to cause 
reaction 1 to occur. 

The results of the heating and cooling 
experiments shown in Fig 5 and Table 1 
show that the transition from WO; to 
WO: is dependent upon film thickness 
occurring at lower temperatures for thinner 
films. Since reaction 3 cannot occur, this 
transition must take place according to 
reaction 1. As the films get thicker, higher 
temperatures are required to cause reaction 
1 to occur. 

Although Hagg and Magneli® report 
the occurrence of W1O;; in their tungsten- 
oxygen phase studies, our results do not 


W (s) + $0, (g) = WOs (s); AF°r = —143,214 cal, Kr = 107358 


[5] 


Above 600°C the oxidation may occur according to 


W (s) + O2 (g) = WOz (s); AF°r = — 9,867 cal, Kr = 10+?4.97 


[6] 


in the thin film region followed by 


WO; (s) + - O2 (g) = WO; (s); AF°r = 


in the thick-film region. There is also a 
possibility that the oxidation above 600°C 
may follow reactions 5 and 1 in the thin- 
film region with reaction 7 coming into 
play as the film gets thicker. 

Reactions 2 and 3 are not feasible, while 
reaction 4, if it occurs, would remove WO; 
from the surface and at 700°C only WOz 
would be observed. Since this is not in 


— 43,347 cal, Kr = rott.8 [7] 
show the presence of this oxide as a thin 
film on the surface of tungsten. 


80 Molybdenum, 20 Tungsten 


The alloy of 80 pet Mo and 20 pct W 
is a solid solution type with a body- 
centered cubic structure. The following 
solid-phase reactions may occur on the 
oxidized surface of this alloy: 
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3 MoOsz (s) + 2W (s)= 2 WO; (s) +3 M ;Krw~ Fo, = 
ee Oe WO) F MOO Eee ane = 
2 MoO (s) + 3 W (s)=3 WO2(s) + 2 Mo(s);Kr = 


. +570 cal [x] 
tot4® AF°r = —109,608 cal {2] 
1018.2 AF°rp = —52,569 cal [3] 


MoO; (s) + W (s) = WOsz (s) + Mo (s); Kr = 10+}, AF°p = — 4,201 cal [4] 


These equations indicate that only 
oxides of tungsten should be observed 
on the surface of this alloy providing 


- tungsten ions can diffuse to the surface 


and take place in solid-phase reactions. 


The results shown in Fig 6 and Table 3 
indicate that only oxides of molybdenum 
are observed over the complete time- 


temperature range. There is little prob- 


ability that our analysis of results is 


- incorrect in the low-temperature range 


_ where MoO; is obtained, since Fig 1 shows 


~ that MoO; and WO; have quite different 


diffraction patterns. The XOz lattice, to 


which we are assigning the formula MoOz, 


presents some difficulty since WO. and 
MoO: are isomorphous and give almost 


- identical diffraction patterns. We base 


2 NiO (s) + Mo (s) = 2 Ni (s) + MoO, 


FeO transition is not observed up to 
700°C although it occurs at approximately 
450°C for thin oxide films on pure iron.” 

The heating and cooling experiments on 
80 Mo-20 W (Fig 7) are identical with 
those for molybdenum (Fig 3). The results 
of these experiments confirm our assign- 
ment of formulas to the oxides that occur, 
since the XO, lattice is observed in the 
region of 400°C. 


93 Molybdenum, 7 Nickel 


This alloy is mainly body-centered 
cubic with a small amount of the com- 
pound Ni-Mo present. In addition to the 
solid-phase reactions given for molyb- 
denum, the following may occur on the 
oxidized surface of this alloy: 


(s); Kr = 1073-5 AF°n = —14,000 cal [1] 


3 NiO (s) + Mo (s)= 3 Ni (s) + MoOs; (s); Kr = 107-3, AF°p = —1200 cal [2] 


our selection of the formula MoO, for 
this lattice on the fact that WO» is not 
observed on tungsten below 550°C even 
when the oxide film is only 4sA thick. 


- Our results do not eliminate the possi- 


Vis s\n eee OEM EADS Lg 


PNAS 


Ka Se 


bility that solid solutions may be occurring. 
Our analysis of the results is not in agree- 
ment with the thermodynamic equations 
given above possibly because of the relative 
diffusion rates of tungsten and molybdenum 
ions. If the initial oxide that forms has the 
same ratio of molybdenum to tungsten as 


the alloy, and if molybdenum ions have 


a higher diffusion rate, oxides of molyb- 
denum will be found in the surface layer. 
The equations given for molybdenum will 
then be important. 

“A comparison of Figs 3 and 6 shows that 
the addition of tungsten elevates the 
existence region of MoO; about 100°C. 
The elevation of the existence region of an 
oxide is reported in an earlier paper® on 


 yarious alloys of iron, where the FesO.- 


These reactions indicate that molyb- 
denum will reduce NiO at 600°C. On the 
basis of these thermodynamic data NiO 
should not occur on the surface of this 
alloy. This oxide is not observed. 

Patterns taken in the vacuum of the 
camera show only the presence of MoO, 
up to 600°C while at 700°C a mixture of 
MoO: and MoO; is present. The addition 
of nickel to the lattice of molybdenum, 
or the presence of the compound Ni-Mo, 
elevates the existence region of MoO; 
approximately 200°C. This effect is twice 
as great as that noted in the case of 80 
Mo-20 W. The difference may have a 
structural basis, since molybdenum and 
tungsten form unlimited solid solutions 
while nickel has only a limited solubility 
in molybdenum. 

Since the transition from MoO; to 
MoO, occurs at a higher temperature on 
93 Mo-7 Ni than on molybdenum, the 
presence of nickel in the lattice may 
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decrease the rate of formation or the dif- 
fusion rate of molybdenum ions, thus hind- 
ering reaction 1 given under molybdenum. 

The experiments on heating and cooling 
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thinner oxide films, and WO, would form 


according to reactions 5 and 1 under 


tungsten. 
The heating and cooling experiments do 


Fic 12—ELECTRON DIFFRACTION PATTERNS OF MoQ2, WO2, MoOs, WOs. 


the oxides (Fig 9) yield conflicting results, 
since the transition from MoO; to MoOs2 
occurs: at approximately 400°C for the 
thick film while no transition occurs for 
‘the thin film. Possibly this may be ex- 
plained on the basis that nickel stabilizes 
the oxide lattice, and this stabilizing 
influence is greater when the film is thin. 


93 Tungsten, 7 Nickel 


The 93 W, 7 Nialloy has a body-centered 
cubic structure. In addition to the solid- 
phase reactions given for tungsten, the 
following additional reactions may occur 
on the oxidized surface of this alloy: 


3 NiO (s) + W (s) == WOs (s) + 3 Ni 
2 NiO (s) + W (s) = WO, (s) + 2 Ni 


These reactions indicate that tungsten 
will reduce NiO to form oxides of tungsten 
at 600°C. Our results indicate that NiO 
is not observed. 

The addition of nickel to the tungsten 
lattice results in a lowering of the existence 
region of WO; by approximately 100°C, 
as shown in Fig 10. Since WOz occurs on 
the alloy at a lower temperature than it 
does on tungsten, it appears that the 
oxidation rate may be lower on the alloy 
than on the metal. This would result in 


not show the transition WO; to WO, 
up to 700°C even though WOs occurs at a 
lower temperature in the existence diagram 
of the alloy. 


SUMMARY 


The results of this investigation of thin 
oxide films are presented as existence 
diagrams of the oxides on a time-tem- 
perature scale. Heating and cooling experi- 
ments are also included. The study shows 
that: : 

1. The oxide structures of thin films are 
identical with those of bulk oxides as 
determined by X-ray diffraction. 


(s); Kr = 10+52, AF°n = —20,800 cal [1] 
(s); Kr = 10+48, AF°p = —18,400 cal [2] 


2. The transition WO; to WO; on tung- 
sten occurs at lower temperatures for 
thinner films. 


3: Only oxides of molybdenum or 
tungsten are obtained on the alloys 80 


Mo-20 W, 93 Mo-7 Ni, and 93 W-7 Ni;. 


this is in agreement with thermodynamic 
data for solid-phase reactions between NiO 
and tungsten or molybdenum. 

4. The addition of nickel to molyb- 


denum elevates the existence region of 


MoO; about 200°C. 


—— 


+ 
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5. The addition of tungsten to molyb- 
denum elevates the existence region of 
MoO; about 100°C. 

6. The addition of nickel to tungsten 
lowers the existence region of WO; about 
100°C, 

7. The oxygen-tungsten and oxygen- 
molybdenum ratios increase with oxida- 
tion time at constant temperature, as 
evidenced by the appearance of WO; and 
MoO3. 

8. The oxides Moi011 and W:01; are 
not observed in the temperature range 
300° to 700°C, 
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DISCUSSION 
(W. M. Baldwin presiding) 


W. M. Batpwrn*—There are several points 
of interest in the present paper. The case of 
the oxidation of tungsten, of course, is of 
especial interest. Several anomalies are recog- 
nized in connection with it. 

The ratio of the oxide volume to the base 
metal volume is such that a compact scale 
would be expected. In this case, at least three 
reactions are involved in the oxidation of 
tungsten.2 (1) The transfer of the metal 
across the metal-oxide interface. (2) The 
transfer-of oxygen across the gas-oxide inter- 
face. (3) The diffusion of either or both of these 
reactions to the scale. 

If reaction (1) is the slowest and therefore 
the one which sets the rate at which oxidation 
occurs, a linear oxidation-time curve should 
result which is independent of the pressure 
of the attacking gas. If reaction (2) is the 
slowest, a linear oxidation-time curve should 
result which, however, should be dependent 
upon the pressure of the attacking gas. If 
reaction (3) is the slowest, a parabolic oxida- 
tion-time curve should result. 

A parabolic oxidation-time curve is reported 
by Dunn for tungsten in. the temperature 
range of 700 to rooo°C.* Dunn further reports 
a discontinuity in the parabolic oxidation 
rate versus reciprocal temperature curve 
and suggests that this is caused by some change 
in the character of the scale. The authors 
show in the present paper that Dunn’s sug- 
gestion is quite possibly valid. We realize 
that this discontinuity reported by Dunn 
occurs between 850 to goo°C and that the 
authors did not report any work done at 
temperatures higher than 700°C but perhaps 
the authors would wish to make some specula- 
tion regarding the behavior of the scales at 
higher temperatures. 

On the other hand, Scheil reports a linear 
oxidation-time curve in the temperature 


* Research Metallurgist, Midwestern Division, 
Chase Brass and Copper Co., Euclid, Ohio. 

.N. B. Pilling and R. E. Bedworth: Jul. Inst. 
Met. (1923) 29, 592. 

2L. BE. Price: Chem. and Ind. (1937) 769. 

3J. S. Dunn: Jnl. Chem, Soc. (1929) 1149. 

4 Von Erich Scheil: Ztsch: Metallkunde (1937) 


29, 200. 
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range of 500 to goo°C.4 One explanation of 
Scheil’s curve would be that under the ex- 
perimental conditions he employed, reaction 
(1) listed above may have been the rate con- 
trolling process. We note with interest that 
the authors speak of the slowness of the 
transfer of tungsten ions across the metal- 
scale interface as a possible reason for not 
finding WOsz in scales formed at 600°C. Could 
the authors expand on this point? 


J. W. Hickman and E. A. GULBRANSEN 
(authors’ reply)—Before discussing Mr. Bald- 
win’s remarks we wish to state that all of the 
diffraction photographs are taken in an 
evacuated system where the pressure is 
approximately 1o—* mm of mercury. After 
each oxidation the system is pumped out 
and a diffraction photograph is taken. 

In addition to the results obtained with 
tungsten (Figs 4 and 5) we have made several 
attempts, to study the oxide structures formed 
at temperatures higher than 7oo°C. Un- 
fortunately the oxide which forms at 800°C 
and higher evaporates from the surface when 
the system is evacuated. This results in a 
condensation of the oxide on the cold parts 
of the apparatus causing the fluorescent screen 
to be covered with a tungsten oxide layer. 
Spectrograph analysis of this coating shows 
the presence of tungsten. In addition, rate 
measurements by Gulbransen and Wysong! 
indicate that the rate of evaporation of the 
oxide is appreciable for thick films (10,000 A) 
at 800°C while thinner films (1000 A) do not 
evaporate appreciably until a temperature of 
goo°C is reached. This evaporation of the 
oxide does not permit us to study the oxidation 
above 700°C using the conditions as given in 
Fig 4. However, our very incomplete results 
at 800 and goo°C indicate that the oxide which 
remains on the surface upon cooling to room 
temperature is WO>. 

By extrapolation of the results shown in 
Fig 4 one would expect to find WOz occurring 
at 800 and 900°C for films of the same thick- 
ness as obtained at 700°C. In addition WO. 


1E. A. Gulbransen and W. S. Wysong: Un- 
published results. 
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should be observed for greater film thicknesses 
at the higher temperatures. This may possibly 
be explained on the following basis: (1) Initially 
the rate determining step in the formation of 
WO: is the rate of formation of tungsten ions. 
Fewer ions are found at lower temperatures 
so that an insufficient number of ions reaches 
the surface to form WOs. (2) When the tem- 
perature becomes sufficiently high so that a 
large number of ions are formed, the rate 
determining step is dependent on the rate of 
diffusion of these ions to the surface. When the 
film is relatively thin a solid phase reaction 
between WO; and W occurs to form WOs. 
As the film gets thicker an insufficient number 


of tungsten ions reaches the surface to take - 


part in the solid phase reaction and WO; is 
observed. 

Dunn,” who observed a discontinuity in 
the parabolic oxidation rate versus reciprocal 
temperature curve, suggests that there is a 
change in the character of the scale at 850 
to goo°C. Hagg and Magneli® have reported 
a beta phase in the tungsten-oxygen system. 
This phase is homogeneous between WOs2.95 
and W0Ob:.s2 and forms blue needles when 
heated at 1tooo°C. The change in rate found 
by Dunn? may be caused by this transition 
from triclinic WO; to the monoclinic beta phase. 

Foex,* who has made a dilatometric study 
of the transformations of tungsten oxides, 
has reported a change at 710°C which may 
correspond to the WO; — WO, transition 
observed by us. In addition he also observes a 
change at 880°C which agrees with the results 
reported by Dunn.? 

The authors have no additional information 
to present relative to the non-appearance of 
WO: in films formed below 600°C. Fig 5 
indicates that the temperature at which WO, 
is observed will be dependent upon the film 
thickness. This temperature may vary from 
550°C for films 45 A thick up to 675°C when 
the films are 10,000A thick. 


« 


2J. S. Dunn: Jnl. Chem. Soc. (1929) 1149. 
§G. Hagg and A. Magneli: Arkiv for Kemi, 
Mineralogi Och Geologi (1944) 19-A (2) 14 pp. 
Ast M. Foex: Compt. Rend. (1945) 220, 
916-919. 
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The Constitution of the Bismuth-indium System 


By Otro H. Henry,* MEMBER, AND Epwarp L. Bapwicx,} Junior MemMBeR AIME 


(New York Meeting, March 1947) 


Up to the present time, according to 
Hansen! and Haughton,? the constitution 
of the bismuth-indium system has not 
yet been published. The generally accepted 
value. for the melting point of indium, 
as listed in most scientific journals and 
textbooks, is 155°C. Recently, however, 
H..M. Davis’ has determined a new 
melting point for indium of 157.3°C + 
o.1°C. Since bismuth has been used in 
preponderance as an alloying element 
in the majority of low-melting alloys, 
and indium has been used with con- 
siderable success in lowering the melting 
points of low-melting alloys,‘-> an interest 
has been developed in the application of 
these two metals, making a complete 
knowledge of the constitution of its 
alloys desirable. 

In this investigation, the melting point 
of indium reported by H. M. Davis has 
been found to be substantially correct. 
A value of 157.2°C +0.5°C was deter- 
mined. The two eutectic compositions 
have been placed at 34 and 50 pct bismuth 
with their respective eutectic temperatures 
as 72.4°C +0.5°C and 90°C + ong C. 
The bismuth-indium phase diagram has 


Based on thesis submitted in partial fullfil- 
ment for B. of Met. Eng. degree at the Poly- 
technic Institute of Brooklyn in June 1946 by 
Edward L. Badwick. Manuscript received at 
the office of the Institute Dec. 16, 1946. Issued 
as TP 2159 in MretTALs TECHNOLOGY, April 


I947- 

Pale pofessor of Metallurgical Engineering, 
Polytechnic Institute ‘of Brooklyn, Brooklyn, 
New York. 

+ Metallurgist, Frankford Arsenal, Phila- 
delphia, Pennsylvania. 
1 References are at the end of the paper. 
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been determined by thermal and micro- 
scopic analysis and is shown in Fig 1. 


THERMAL ANALYSIS 


Granulated bismuth and indium shot, 
having a guaranteed purity of 99.99 
and 99.95 pct, respectively, were melted 
in a carbon crucible by means of a labora- 
tory heater. To minimize oxidation of the 
alloys, a heavy mineral oil (Nujol) having 
a high flash point was used. A platinum- 
platinum rhodium thermocouple of fine 
wire encased in a thin-walled Pyrex 
glass tube, about 1 in. in diameter, was 
connected to a type K potentiometer for 
temperature measurements. The thermo- 
couple was calibrated against the melting 
points of tin, bismuth, and the silver- 
copper eutectic and the boiling point 
of water. Since the temperature readings 
could be reproduced to 0.2°C, and the 
accuracy of the temperature standards in 
this range is slightly better than 0.5°C, 
it seems reasonable to assume that the 
temperature readings are reliable to ap- 
proximately 0.5°C. 

The cooling rate could be controlled 
by varying the amount of insulation 
surrounding the crucible. Three or four 
layers of asbestos paper, }46 in. thick, 
sufficed to give a cooling rate of from 
1° to 2°C per minute. Undercooling was 
slightly noticeable. This condition was 
minimized by vigorous stirring, since 
the advantage of using slower rates was 
too small to justify the greater expenditure 


39° 


of time. It was noticed that the crystalline 
structure of most of the alloys was very 
coarse, hence reactions between liquid 
and solid can proceed to a limited extent. 


THE CONSTITUTION OF THE BISMUTH-INDIUM SYSTEM 


MICROSTRUCTURE 
The alloys examined were made by 
casting in a carbon block the various per- 
centages in the form of rods, }4-in. diameter 


ATOMIC PER CENT BISMUTH 


30 


TEMPERATURE-°G 


70 


80 90 .100 


40 50 60 


10°C (230°F) 


7.0, + Ol 


TEMPERATURE-° F 


80 90 100 


WEIGHT PER CENT BISMUTH 
Fic 1—BISMUTH-INDIUM CONSTITUTIONAL DIAGRAM. 


Such reactions, therefore, will be marked 
by small heat changes unless agitated 
rather vigorously. 

The thermal-analysis data are given in 
Table 1. A series of alloys was first run 
in steps of 10 pct from one pure metal 
to the other, each weighing 75 grams. 
The additional alloys, selected for study 
in the vicinity of the more essential points, 
such as eutectics and intermetallic com- 
pounds, were made by adding indium to 
each of the original starting alloys. Melting 
losses were consistently 0.25 pct or less, 
and the composition could safely be taken 
from the intended analysis. 

A 200-gram specimen of electrolytic 
indium having a guaranteed purity of 
99.97 pct was used for the melting-point 
determination. The resulting value was 
157.2°C + 0.5°C. A 1.0 pct loss in weight 
was noted after seven cooling curves 
were run, 


TABLE 1—Experimental Results 


Bismuth, Pct 


Solidification, Deg C 


Weight Atomic Liquidus Solidus 
| 

7) 0.0 TS7.9 
2 0.6 152.6 143.0 
4 Les 150.1 134.2 
6 2.5 146.1 124.6 
10 4.9 138.0 114.5 
15 8.5 rey fly? 72.2 
20 ¥2.3 112.8 Gy We 
25 15.9 102.2 72.3 
30 19.2 91.0 72.2 
35 23.1 73.8 7k 18S) 
38 25.3 79.8 72.6 
39 260% 81.0 bE PS 
40 26.9 82.3 72.4 
42 28.6 83.6 72.8 
45 31.1 85.5 72.4 
47-5 33-3 93-5 90.0 
50 35.5 90.2 90.2 
55 40.1 99.0 90.0 
60 45.4 108.9 89.5 
64.5 50.0 III.4 89.3 
70 56.4 126.0 110.2 
80 68.8 166.1 110.2 
90 83.2 223.8 109.8 
98 96.4 261.7 109.0 

100 100.0 271.0 


a 
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Fic 2—BISMUTH-INDIUM ALLOYS. X 100. 
Etchant: a, cathodically in an 85 pct phosphoric acid solution; b to f, 3 pet HCl solution. 

a. Pure bismuth. 

b. go pet bismuth, beta + gamma + bismuth. 

c. 80 pet bismuth, beta + gamma + bismuth. 

d. 70 pct bismuth, beta + gamma + bismuth. 

e. 64.5 pet bismuth, gamma + some eutectic (beta + gamma) at grain boundary. 

60 pct bismuth, gamma + eutectic (beta + gamma) 
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and 1 in. long. The alloys were covered 
with mineral oi] and charcoal and placed 
in an electric furnace at a temperature of 
350°C. After remaining at that tempera- 


Fic 3—INDIUM AS PRIMARY CONSTI- 

TUENT: a, c, AND d, X 100; b, X 1500; 

€é, X 75: 
Etchant: @ to d, 3 pct HCl solution; 

e, cathodically in an 85 pct phos- 

phoric acid solution. 

a. 50 pet bismuth, eutectic (beta + 

. gamma). 

b. 50 pet bismuth, eutectic (beta + 
gamma). 

c. 40 pet bismuth, beta + eutectic 
(alpha + beta). 

d. 34 pet bismuth, eutectic (alpha + 
beta). 

e. Pure indium, surface of chilled 
casting. 


ture for 14 hr, the furnace was shut off, 
allowing the specimens to ‘cool at a rate 
of from %4° to 14°C per minute. This 
was done to approximate equilibrium 
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conditions instead of annealing the cast 
alloys, which would be time-consuming 
at the required low temperatures. 

The alloy rods were sawed in two and 
rough-polished on Nos. 1, 00, 000, and 0000 
emery paper. They were then given a 
preparatory polish on a wax wheel with 
a soap solution of levigated alumina. 
A kitten’s-ear broadcloth wheel with 
finely levigated alumina was used as a 
final finish, and also to remove any traces 
of wax that might have adhered to the 
surface of the specimens. A 3 pct hydro- 
chloric acid solution in water was used 
as’ an etchant for all the alloys except 
pure bismuth and indium. They were 
etched cathodically in an 85 pct phos- 
phoric acid solution at a current density 
of 10 amp per square inch and 3 to 4 volts. 

The effect of indium additions to 
bismuth is shown in Figs 2b, 2c and 2d. 
The presence of the beta phase can be 
attributed to typical segregation in a 
peritectic structure. The gamma phase, 
which forms at the bismuth liquid interface, 
separates the bismuth and liquid and 
prevents the completion of the peritectic 
reaction, leaving excess liquid, rich in 
indium, to form some eutectic (beta 
plus gamma) upon cooling below go°C. 
The beta and gamma phases appear to be 
the intermetallic compounds Biln, and 
Biln, respectively. 

The black spots in Fig 3d are probably 
particles of abrasives embedded in the 
soft alloy. Fig 3¢ shows the microstructure 
of the surface of an indium casting. This 
was made by casting indium against a 
highly polished steel surface, stripping, 
and etching, The other micrographs are 
self-explanatory. 

It may be of interest to compare the 
structures of Figs 2d, 2e and 2f. Fig 2e 
does not show any segregation of the 
beta phase. The eutectic (beta plus gamma) 
in Fig 2d is unlike that of the eutectic 
(beta plus gamma) in Fig 2f. The con- 


stitutional diagram may be more com- 
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plex than indicated. However, the simplest 
diagram conforming to the obtained data 
has been constructed. 

Indium-rich alloys up to 50 pct bismuth, 
in the cast condition, were readily cold- 
worked despite the presence of inter- 
metallic compounds, which usually are 
associated with brittleness and hardness. 
This is of particular interest since many 
low-melting alloys are brittle, and therefore 
their applications are somewhat curtailed. 
The alloys were rolled out into foil with 
as much as 25 pct reduction per pass 
from cast bars, 14 in. square and 3 in. long. 


CONCLUSIONS 


The liquidus and solidus curves of ‘the 
bismuth-indium phase diagram have been 
located. Two eutectics have been placed, 
one at 34 pct bismuth and 72.4°C and the 
other at 50 pct bismuth and go°C. The 
existence of two intermetallic compounds 
appear to be Biln, and Biln. A peritectic 
line exists corresponding to the following 
reaction: 

Bi + Liquid = y 
at 110°C. A new value for the melting 
point of indium has been determined; 
namely, 157.2°C. Indium-rich alloys up 
to 50 pct bismuth may be readily cold- 
worked. 
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DISCUSSION 
(F. N. Rhines presiding) 
F. N. Rutnes*—This is an excellent piece of 


work in that the experimental data are evi- 
dently taken with considerable care, and the 
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the case. One would have primary bismuth 
in the large areas, and then the eutectic 
of gamma-plus bismuth, which appear to be 
quite normal, especially in Fig 2-D. That 
would put a eutectic at approximately 65 to 


66 pct bismuth and would remove the diff- 


culty with regard to the change in appearance 
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only question that exists is with the inter- 
pretation of them. I would like to propose that 
the key to the difficulty with respect to reac- 
tions in the vicinity of Biln, which Mr. Bad- 
wick was discussing, probably lies farther to 
the bismuth side in the diagram than he 
suspected. The liquidus on the bismuth side, 
as shown in Fig 1 does not come down in 
such a way that it looks as though it meant 
to shoot past the composition of Biln. In fact, 
it looks as though it intended to come down 
to a eutectic point short of BiIn, and I think 
the micrographs bear that out, provided one 
may take a little liberty in naming the phases. 

It appears that in the response to etching, 
as shown in the photographs, the phase marked 
Beta in Fig 2, cuts B, C and D, may in fact 
be bismuth. The structure would be normal 
for a hypoeutectic structure, if that were 


* Carnegie Institute of Technology, Pittsburgh, 
Pa. 


of the structure in going from Fig 2-D to 
Fig 2-E, as mentioned by the author. 

I am inclined to think also that the proposal 
that the reaction at the composition of BiIng 
should be a peritectic is right on the basis of 
micrograph, for the photograph appears 
rather characteristic of peritectic structure. 
On this basis, the observations and the dia- 
gram seem consistent, with scarcely any 
deviation except for one high point on the 
liquidus, at the composition of Bilng. If 
we assume that the point at exactly 50 pct 
bismuth had under-cooled slightly, then 


everything would be self-consistent, with a _ 


eutectic at approximately 66 pct bismuth, a 
peritectic at approximately 48 pct bismuth, 
and a eutectic at 34 pct where the authors 
have suggested it. 

I noticed one other point of possible interest, 
the relative proportions of the phase marked 
beta and the phase marked gamma in Fig 


DISCUSSION 


2-D are about right for the postulation of a 
eutectic at 66 pct. 


A. L. Tarr*—Regarding the controversy 
as to whether this 65 pct bismuth alloy is a 
peritectic or an eutectic, it would seem to me 
that the cooling curve should very definitely 
prove which one is correct. We have a differ- 
ence of about 36° between the peritectic level 
and the eutectic temperature. On the low 
temperature side, if there were a eutectic 
at that level and the diagram is correct, 
there would be no break in the cooling curve to 
amount to anything, and no hold. However, 
if there were a peritectic at the higher tem- 
perature, one would have a long hold at the 
higher temperature. Consequently, it would 
seem that the cooling curve should thus decide 
whether this is a peritectic or a eutectic point, 
regardless of the fact that the photograph of 
the structures of this alloy might be inter- 
preted one way or the other. 


* Revere Copper and Brass Inc., Baltimore, 
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O. H. Henry and E. Bapwicx (authors’ 
reply)—The authors appreciate the interest 
which has been shown in this paper. Dr. 
Rhines has suggested that possibly a eutectic 
exists at about 66 pct bismuth instead of a 
peritectic as shown by the authors in Fig 1. 
The original specimens, 80 pct bismuth 
(Fig 2c) and 70 pct bismuth (Fig 2d), were 
suspended in boiling water for two hours. 
Melting of the eutectic (beta + gamma) 
should have begun at 90°C if the supposition 
of the authors was correct. However, no 
incipient melting took place which indicated 
that instead of a peritectic, a eutectic exists 
at about 67 pct bismuth as shown in the 
modified diagram, Fig 4. No change in micro- 
structure was likewise noted. The phases 
marked beta in Figs 2b, 2c, and 2d should 
correctly be called bismuth. As for the other 
comments by Dr. Rhines, it is felt that further 
work would have to be done inasmuch as the 
simplest diagram conforming to the obtained 
data has been constructed. 


The Crystal Structure of AuBe 


By B. D. Cuttity,* Junior MemBper AIME 
(New York Meeting, March 1947) 


Gortp and beryllium form an _inter- 
mediate phase composed of the two metals 
in equal atomic proportions and having the 
formula AuBe. According to Winkler,! 
this phase probably exists in two modifica- 
tions: beta, stable below about 600°C, and 
alpha, stable between 600°C and the 
melting point, about 740°C. Only the low- 
temperature beta form will be considered 
in this paper. 


EXPERIMENTAL PROCEDURE 


The gold used had a fineness of 999.75 
to 999.85, balance mainly silver, and the 
beryllium purity was better than 99.8 pct. 
AuBe was prepared by melting the con- 
stituents in a beryllia crucible in an evacu- 
ated induction furnace. After melting and 
thorough mixing, the alloy was allowed to 
solidify in the crucible. No difficulty was 
encountered in obtaining a homogeneous 
ingot. 

Both chemical analysis and microscopic 
examination of the ingot showed that the 
alloy was essentially one phase, containing 
50 at. pct gold. The alloy was quite brittle 
and powder samples could easily be pre- 
pared by grinding in an agate mortar. 

This paper is based on work performed under 
Contract No. W-7405-Eng-175 with the Man- 
hattan Project in connection with the Massa- 
chusetts Institute of Technology Metallurgy 
Project. It will appear, as part of a longer 
paper, in a volume of the Manhattan Project 
Technical Series. Manuscript received at the 
office of the Institute Jan. 9, 1947. Issued as 
TP 2152 in MetraLs TecHNoLoGcy, April 1947. 

*Research Assistant, Massachusetts Insti- 
tute of Technology, Cambridge, Massachusetts. 

10. Winkler: Aufbau der Legierungen des 


Berylliums mit Silber, Palladium und Gold. 
Ztsch. Metallkunde (1938) 30, 162. : 
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The X-ray diffraction patterns were 
made with CuK-alpha radiation in a 
Debye-Scherrer powder camera 57.3 mm 
in diameter. The film was placed unsym- 
metrically in the camera in order to afford a 
basis for film-shrinkage corrections. A 
sample homogenized at 500°C gave the 
same diffraction pattern as a sample taken 
from the as-melted ingot. 


GENERAL RESULTS 


The diffraction pattern of AuBe was 
readily indexed on the basis of a simple 
cubic lattice with ao = 4.659 + o.00rkX. 
If the unit cell is assumed to contain four 
AuBe “molecules,” the calculated X-ray 
density is 13.46 grams per cc as compared 
with the measured density of 13.55 gm 
per cc. 

The only missing reflections in the 
diffraction pattern are (100) and (220) 
(see Table 1). Since these missing reflections 
are not those characteristic of body or 
face centering, the lattice of AuBe must be 
simple cubic. To locate the positions of the 


atoms within the unit cell, two possibilities 


had to be considered: 
1. The structure was disordered and 
there were eight positions to be filled by an 


0 mle te 


ee Or ehowse 


tage Aly ee lew 


“average” gold-beryllium atom. That the | . 


structure was disordered seemed unlikely 
since the lattice parameter did not vary 
with composition in alloys containing some- 
what more and somewhat less than 50 at. 
pet gold, indicating a fixed composition 
for AuBe. 
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2. The structure was ordered. In this 
case, the positions of four gold and four 
beryllium atoms must be determined. 
Since the atomic scattering factor of gold 
is from 25 to 45 times as large as that of 
beryllium, depending on the value of 
ame, the contribution of beryllium atoms 
to the diffraction pattern is, to a first 
approximation, negligible. All that could 
be determined from the diffraction data, 
then, were the positions of the four gold 
atoms in the unit cell. 

TaBLE 1—Comparison of Calculated and 
Observed Intensities for AuBe 


Calculated Intensity 
hkl h? + k2 Deneve 
Seyi? ntensity 
Au Basis | AY, Be 
I00 r 0.00 0.00 Nil 
IIo 2 1.66 1.56 M 
III 3 1.42 1.35 M 
200 4 0.26 0.30 VW 
210 5 4.34 4.42 Vs 
211 6 2.05 2.17 S 
220 8 0.04 0.04 Nil 
300 0.00 0.00 
ot 9 ed wet ~ 
310 bo) 2 U2 1.98 S 
311 It 0.95 0.99 M 
222 12 1.49 257 M 
320 13 2.04 2.51 Ss 
321 14 3.61 Selb S) 
400 16 0.90 0.94 M 
410 0.97 I.00 
oe #7 = 0:46) Ms 
AIL 1.20 r.2 
ne 18 0.25 Saye M 
331 19 LS 1.67 M 
420 20 0.36 0.38 Vw 
42 21 3-75 3.82 Ss 
332 22 O.51 0.53 Vw 
422 mere 1.96 1.84 M 
500 0.00 0.00 
Bead ak St ea 
510 1.35 1.2 
Ane 26 dee ak Mo 
511 S37 5r 327; 
a 23 A as Vs 
520 4.49 ee 
432 29 6.21 5.93 Me 
521 30 3-79 3-97 M 
440 32 3.10 3.24 M 
$22} a} 1.61 M 
441 33 3.93 4.02 
530 9.71 9.15 
pet 34 oa 1.85 vs 
531 35 3-59 3.46 M 
600 6 em Pea } vs 
442 3 6.90 6.64 


LocaTIoNn OF THE GoLpD ATOMS 


There are, in general, only two ways of 
arranging four atoms in space so that they 
will have cubic symmetry. Other arrange- 
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ments exist, but they are special cases of 
these two: 

A. The atoms are located at the four 
corners of a tetrahedron, the atomic 
coordinates being uuu, aiu, uid and wut. 
Such an arrangement of atoms is found in 
space group 7! — P23, special position 
4(e). 

B. The atoms are located at uuu; 
u+ \, 4-4, a; U, u+ , lg — wu; 
wy — u, a, u+ \. This is special position 
4(a) of space group T4 — P23. If the 
parameter w is put equal to zero, the atomic 
coordinates become those of a face-centered 
cubic cell. This arrangement, therefore, 
may be thought of as a distorted face-cen- 
tered cube in which the atoms have been 
moved a distance +u + u + uw from their 
original positions. 

Possibility A was considered first. There 
are no general or special vanishings for 
space group 7! — P23, but that fact alone 
did not rule out this space group since the 
unobserved (roo) and (220) reflections 
might conceivably be present but so weak 
as to escape notice. To determine whether 
or not this was the correct space group, a 
comparison of observed and calculated 
intensities was made for the first six lines - 
and a range of u values from 0.00 to 0.50. 
It was unnecessary to consider any values 
outside this range, since higher values are 
equivalent to these if the origin of coordi- 
nates is shifted. No value of w was found 
that gave any agreement between observed 
and calculated intensities. 

There remained possibility B; namely, 
special position 4(a@) of space group 
T4 — P2133. In this space group, (/o0o) 
vanishes when fh is odd, which agreed with 
the fact that the (roo) reflection was 
absent. Vanishing of the (300) and (500) 
reflections could not be checked by simple 
inspection of the diffraction pattern since 
other sets of planes reflect to the same 
points on the film. 

When the structure factor equation for 
the 74 space group is written out and 
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simplified in the usual way, four equations 
result, depending on whether (h + k) and 
(k + 1) are odd or even. However, only one 
of these equations is symmetrical in h, k 
and / and that occurs when the indices are 
unmixed. If the indices are mixed odd and 
even, they are not interchangeable in the 
other three equations, since different values 
of the structure factor can be obtained, de- 
pending on the order in which the indices 
are written. Structurally, this means that, 
in the J‘ space group, permutations of the 
indices (kl) produce sets of planes which 
are not entirely equivalent. 

Disregarding negative indices, since all 
terms in the structure factor equations are 
squared, there are six ways of arranging 
the indices (kl). Three of these gave an 
identical structure factor and the other 
three, a different one. It was decided to 
combine these into an average structure 
factor, which could be combined, in the 
intensity calculations, with the usual multi- 
plicities used in the cubic system. To do this 
it was necessary to consider, not whether 
or not (k +k) and (k+/7) were odd or 
even, but whether or not the separate 
indices h, k and / were odd or even. It then 
became apparent that the structure factor 
for planes of mixed indices depended on 
whether the indices were made up of two 
odd and one even or two even and one odd. 
The final structure-factor equations are 
given below. 

Indices unmixed: 


F? 


THE CRYSTAL STRUCTURE OF AvuBg 


where E is the even index and O; and O2 
are the two odd indices. 

(b) One odd and two even indices. 
The structure factor equation is the same 
as above, with E replaced by O and O; 
and O: replaced by E; and Ez. 

As mentioned above, the effect of the 
beryllium on the diffraction pattern is 
almost negligible. fg. was, therefore, set 
equal to zero in the equations given 
above and the resulting equations were 
used to find the value of u. The calculated 
intensities, corrected for absorption in 
the sample, were plotted against u, first 
for low-angle reflections and then, in order 
to obtain greater precision, for high-angle 
reflections. All of these curves were sym- 
metrical about « = 1. Satisfactory agree- 
ment between observed and calculated 
intensities was obtained for “ = 0.100 or 
0.150. These values of the parameter are 
believed to be accurate to +0.005. The 
intensity of every line on the diffraction 
pattern was then calculated for u = 0.100 
(or 0.150) and the results are given in the 
third column of Table 1. It is apparent 
from these figures why the (220) reflection 
was not observed. 

Interatomic distances for the gold 
atoms were then calculated, using both 
values of «. When a considerable number 
of neighbors of a gold atom were con- 
sidered, including the close-packed ones 
and those further out, a set of interatomic 
distances was obtained which was exactly 


= a [fau Cos 2rhu cos 2rku cos 2mlu + fae cos 2rhw cos 2rkw cos 2mlw]* 


+ [fau sin 2rhu sin 2rku sin 2rlu + fe. sin 2rhw sin 2rkw sin 2n/w]? 


where « and w are the parameters for Au 
and Be, respectively. 

Indices mixed: 

(a) One even and two odd indices. 


the same no matter which of the two values 
of « was used, 0.100 or 0.150. Thus, the 
ambiguity in the value of « is more ap- 
parent than real. 


ora: Sau? [Sin? 27(01 + 02)% + sin? 2m(0, — 02)u 


+ fre? [sin? 24(01 + 02)w + sin? 27(01, — o2)w] 
+ 2fau Be COS 2TE(w — u)[sin 24(01 + 02)u sin 27(01 + 02)w 
+ sin 219(0,; — 02)% sin 27(0, — 09)w] 


—s 
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Actually, there is no ambiguity in the 
structure itself. The two structures result- 
ing from the two values of u are completely 
equivalent, since one may be brought 
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4—w; 4’ —w, ®, w+ . Inspection 
of the model showed that the beryllium 
atom at www (marked F in Fig 1) probably 
fitted in between the gold atom (£) at uuu, 


a 
Fic 1—PLAN (a) AND ELEVATION (b) oF THE AuBe STRUCTURE. 
Large shaded circles are gold atoms, small open circles are beryllium atoms. Atom sizes not to scale. 


into coincidence with the other by a 
rotation of 180° about a [r110] axis. This 
may be demonstrated analytically, with 
the aid of a model, or simply with plan 
and elevation drawings of the two struc- 
tures made on transparent paper. Fig 1 
shows a plan and elevation of the AuBe 
structure, with w=o.10. For clarity, 
the sizes of the atoms themselves have 
been indicated on a smaller scale than the 
interatomic distances. 


LOCATION OF BERYLLIUM ATOMS 


Since the positions of the beryllium 
atoms could not be determined from 
the diffraction data alone, recourse was 
had to packing considerations. A scale 
model of the structure formed by the gold 
atoms was built in order to determine 
where “holes” existed large enough to 
contain the beryllium atoms. 

The beryllium atoms must be located 
in a set of positions equivalent to those 
occupied by the gold atoms; namely, 
atw,w,wwt,%—v,0,0,w t+ %, 


the cube corner, and the triad of gold 
atoms (A, B and C) in the interior of the 
cube. Since the cube diagonal is a threefold 
rotation axis, the gold atoms A, B and C 
are located at equal distances from any 
point, such as www, on the cube diagonal. 
A value of w = 0.406 was thus found by 
equating the distances FE, FA, FB and 
FC. This value of w applies to a value 
of u = 0.100. If uw is set equal to 0.150, 
w becomes equal to 0.844. However, 
there is no more ambiguity about the 
locations of the beryllium atoms than 
there is about the positions of the gold 
atoms. Both structures are equivalent 
and can be brought into coincidence with 
each other by a rotation of 180° about 
a [110] axis. 

The coordination scheme for close 
neighbors in AuBe is given in Table 2, 
which also gives, for comparative pur- 
poses, the distances of closest approach 


jn pure gold and pure beryllium. 


After the positions of the beryllium 
atoms had been determined, the inten- 
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sities of. all the lines in the diffraction 
pattern were recalculated, using struc- 
ture factor equations that included both 
the gold and beryllium atoms. The results 
are shown in the fourth column of Table tr. 


TABLE 2—Coordination Scheme for AuBe 


Kind of Atom Au Neighbors | Be Neighbors 


AL coetetelercig cites sys 6 at 2.872 RX | 4at 2.471 RX 
3 at 2.526 
Be rags este sic. «ee 4 at 2.471 6 at 2.883 
3 at 2.526 


Distance of closest approach in pure gold = 2,878 

Distance of closest approach in pure beryllium 
= 2,222 kX. SN 
They differ very little from the pre- 
liminary values in the third column, which 
were obtained on the basis of the gold 
atoms alone being effective in scattering. 
Both sets of values are in satisfactory 
agreement with the observed intensities. 


THE CRYSTAL STRUCTURE OF AvuBeE 


DIscussION OF RESULTS 


~The AuBe structure was found to be a 
quite close-packed cubic structure, in which 
the presence.of the beryllium atoms has 
forced the gold atoms out of their normal 
face-centered positions. It is a structure 
known as the FeSi type, shared by a num- 
ber of other intermetallic compounds; 
namely, FeSi, NiSi, CoSi, MnSi and CrSi. 
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Solubility of Hydrogen in Electrolytic Manganese and 
Transition Points in Electrolytic Manganese 


By E. V. Potter* anp H. C. Luxens* 
(Atlantic City Meeting, November 1946) 


THE volume of hydrogen released from 

- electrolytic manganese at various tempera- 
tures and pressures was determined in a 
previous investigation! as part of a study 
to determine the most practical procedure 
for removing the hydrogen from electrolytic 
manganese metal. No attempt was made to 
determine the absolute volume of gas in the 
metal at any temperature and pressure; the 
volume of gas released showed only 
the variation in solubility with temperature 
and pressure. The results were very similar 
to those obtained by Sieverts and Moritz.? 
Both sets of data show a minimum solu- 
bility between 500° and 700°C., but they 
differ in certain respects; on cooling from 
500°C., our results showed an increase in 
solubility of about 7 c.c. as compared with 
an increase of 34 c.c. per Ioo grams shown 
by Sieverts. Furthermore, the transition 
temperatures, as indicated by sharp breaks 
in the solubility curves, did not agree well 
with Sieverts’ data. This information was 
of secondary importance in the earlier in- 
vestigations, and the solubility at low tem- 
peratures and the transition temperatures 
were subject to considerable error. There- 
fore, a subsequent investigation, reported 
in this paper, was made to measure the 
absolute solubility at temperatures from 
room temperature through the melting 


Published by permission of the Director, 
Bureau of Mines, U. S. Department of the 
Interior. Manuscript received at the office of 
the Institute Jan. 16, 1946. Issued as TP 2032 
in METALS TECHNOLOGY, September 1946. 

* Physicist, Salt Lake City Division, Bureau 
of Mines, Salt Lake City, Utah. 

1 References are at the end of the paper. 


point and make more accurate observations 
of the transition temperatures. 


APPARATUS AND METHOD 


The apparatus and method were essen- 
tially the same as those described in the 
previous work,! as shown in Fig. 1. At high 
temperatures, the small tube containing the 
thermocouple in the sample container A 
frequently broke off, so for some of this 
work the thermocouple was placed outside 
the sample container and protected by a 
quartz tube of about the same wall thick- 
ness as the sample container. No significant 
difference was found in the transition tem- 
peratures obtained in the two ways. 

The automatic temperature controller 
was used in these tests in the regions where 
there was little change in solubility with 
temperature. In the neighborhood of the 
transition points a continuously variable 
autotransformer was used instead of the 
automatic controller, and the power input 
to the furnace was adjusted so that the tem- 
perature increased or decreased at a very 
slow, uniform rate through the transition 
range. This procedure was followed because 
the temperature oscillations produced by 
the controller were too great compared 
with the transition range, and. the transi- 
tion points determined under such condi- 
tions were less accurate. 


ABSOLUTE SOLUBILITY 
Procedure and Results 


The absolute solubility of hydrogen in 
manganese could be. determined most 
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SOLUBILITY OF HYDROGEN IN ELECTROLYTIC MANGANESE | 
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readily by completely degassing some of 
the metal, filling the system with hydrogen 
at room temperature, and heating the metal 


gen in metals is proportional to the square 
root of the pressure; 


V =Ki.VP [1] 


to the desired temperature until equilib- 
rium was established. This procedure is sub- 
ject to some error because of possible 


where V is the absolute solubility of the gas 
in the metal, P is the pressure expressed in 


z 4D FURNACE (G) 

VOLUME z 

GAUGE = pa 

(c) = e 

% g (F) AUXILARY 
z $ CONTAINERS 
He Is 
| W . — 
z 3 (E) HYDROGEN 
TANK 
z g a ® POTENTIOMETER 
2 o 
z | vacuum 
! PUMP 


Fic. 1.—APPARATUS FOR DETERMINING SOLUBILITY OF HYDROGEN AND MANGANESE. 


incompleteness of the degassing. Samples 
of vacuum-distilled and electrolytic man- 
ganese were degassed and tested for 
absorption at 500°C. and 640 or 760 mm. 
pressure, but the results varied for different 
degassing treatments. These discrepancies 
indicated that most or all of the samples 
were incompletely degassed, the sample 
showing the maximum amount of reab- 
sorbed gas being most completely degassed. 
Because of the uncertainty of this proce- 
dure, this method was discarded in favor 
of the method to be described. 

The work of Sieverts and other investi- 
gators showed that the solubility of hydro- 


terms of millimeters of mercury, and K;yis a 
constant depending on the temperature ¢. 
In this paper the solubility will be expressed 
in cubic centimeters of gas per 100 grams 
of metal referred to a standard pressure of 
760 mm. of mercury and a temperature of 
o°C. For the reasons just stated, V cannot 
be determined directly by experiments, but 
it can be calculated if the value of K; can 
be determined. 

In actual experiments, the amount of gas 
absorbed by a sample under certain condi- 
tions can be determined. Let this amount 
of gas be V4. Then 


V=Vet+V. [2] 


E. V. POTTER AND H,. C. LUKENS 


where V, is the amount of gas originally in 
the material. Under certain conditions, 
depending on the value of V., gas may be 
liberated from the material rather than be- 
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bulk by heating to 500°C. for about 14 hr. 
The results of these tests, shown in Table 
1, were plotted, and the best fitting straight 
lines were obtained by least-square meth- 


Fic. 2.— VARIATION OF GAS ABSORPTION WITH PRESSURE AT 500°C, 


ing absorbed by it. In this case, Va is nega- 
tive but Eqs. 1 and 2 are still valid. The 
value of K; can be obtained by differentiat- 


ing 1 and 2 with respect to VP: 
dV dV, 


tee © O4/P (3 


since V, is a constant. Therefore, at con- 
stant temperature there is a linear relation 


between V, and /P. The slope of this 
line is K:, so V can be calculated for any 
pressure. 

The absolute solubility of hydrogen in 
electrolytic manganese was determined at 
soo°® and 750°C. by this method. In the 
500°C. tests, the metal used was electrolytic 
sheet prepared at the Boulder City, Nev., 
station of the Bureau of Mines. This metal 
was degassed before each test by heating 
to 800°C. for one hour in a vacuum of less 
than one micron. In the 750°C. tests, the 
metal used was similar electrolytic sheet 
made by the Electro-Manganese Corpora- 
tion of Knoxville, Tenn., and degassed in 


ods. These curves are shown in Figs. 2 and 
3. From them the absolute solubility at 
500° and 750°C. was obtained for a pressure. 
of 760 mm. These values are shown in rows 
1 and 2 of Table 2. 

It is difficult to check the values of solu- 
bility obtained in this way by direct meas- 
urements but the change in solubility be- 
tween 500° and 750°C. can be obtained 
readily. This measurement was made in de- 
termining the variation in solubility with 
temperature, which is reported in the next 
section of this paper. The value obtained 
is shown in row 4 of Table 2. The change in 
solubility obtained from the absolute 
measurements is shown in row 3 of Table 2. 
The agreement between these values is 
satisfactory and indicates that the absolute 
values obtained by this method are accu- 
rate within experimental errors (approxi- 
mately 0.5 c.c.). 

The difference between the values for 
solubility change, shown in rows 3 and 4 
of Table 2, indicates that the two absolute 
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values shown in rows 1 and 2 and. the 
change in solubility in row 4 are subject 
to error. Since these three values are 
equally precise, the error was distributed 
equally among them, and the most proba- 
ble values were obtained for the absolute 
solubilities at 500° and 750°C. (rows 5 and 
6 of Table 2). These values have been used 
in the subsequent work reported in this 


paper. 


TABLE 1.—Volume of Gas Absorbed at 
Various Pressures at 500° and 750°C. 


PRESSURE, VoLumeE, C.C. PER 
Mm. He 100 GraMs MN 
500°C. 
760 9.6 
643 9.0 
440 TBR 
I40 Zany 
40 Whe 
Io 0.0 
Prone 
760 Tpst 
760 15 
645 15 
160 ro5 
10 —9.0 


TABLE 2.—Absolute Solubility of Hydrogen 
in Electrolytic Manganese at 760 Mm 


Pressure 
SOLUBILITY, 
C.C, PER 
too GRAMS MN 
Temperature: . 
TPH Covort OF Aes trast, sag rae 
oP fed ORR eer ote 28.5 
3. Change in solubility from 
BOOM tO SOc Gre ie i heriia.« 17.4 
4. Change in solubility deter- 
mined by direct measure- 
WHEN Usctes seis sees emt ae 16.8 
Most probable absolute solu- 
bilities: 
BREOOL OG matin fae 11.4.4 0.3 
Oyi2950- Casa ae hsv ceaaie ity 28.2: -Fs003 


Discussion of Results 


The solubility obtained by Sieverts at 
760 mm. pressure corresponding to our 
value for 500°C. in row 5 of Table 2 was ap- 
proximately 9 c.c. per 100 grams of metal. 


SOLUBILITY OF HYDROGEN IN ELECTROLYTIC MANGANESE 


Our value is greater by 2.4 c.c., an amount 
greatly in excess of experimental error; 
moreover, in several tests degassed metal 
has absorbed more than 9g c.c. of gas at 
500°C. and 760 mm. pressure. Sieverts’ 


TABLE 3.—Solubility of Hydrogen in Elec- 
trolytic Manganese at 760 Mm Pressure 


Hydro- Hydro- 
prnccig: Time, |gen, C.C ee Le Time, |gen, C.C 
De C Min. | per 100 De Cc per 100 
et Grams &- Grams 
510 70 12.0 1233 2 45.8 
697 50 225%, I251 2 50.0 
727 16 12.8 1262 I 54.3 
730 2 13:2 1273 2 57-4 
736 6 17.0 1275 2 58.3 
745 6 23.4 1280 2 59.2 
751 5 25.6 1284 2 59.8 
800 30 28.7 1290 2 60.0 
909 30 30.4 1294 2 60.1 
1019 30 33.3 
844 30 29.1 3 42.4 
603 30 St. 3 42.7 
502 45 II.0 4 42.6 
2 42.3 
521 25 10.8 4 41.8 
836 30 29.1 > 41.5 
1000 30 325 5 41.5 
1043 22 34.1 30 41.4 
1083 10 35-7 8 41.2 
1095 be) 36.4 5 41.1 
1097 2 36.7 5 41.1 
1099 3 37-9 2 41.3 
I103 3 39.6 2 41.6 
II10 40 42.0 2 41.9 
40 42.3 
755 30 28.3 30 40.9 
703 5 27.9 8 40.5 
608 3 27.6 2 40.2 
688 7 2739 2 40.0 
670 5 25.5 2 39.7 
659 5 22.7 o 38.2 
650 3 16.8 4 36.0 
648 3 14.8 35.1 
640 8 E07 31.7 
604 6 12.0 
S19 $0 11.8 II.4 
12.6 
494 30 Ir.4 14.9 
678 30 I2.4 rgcs 
1163 30 41.4 16.2 
1204 5 43.2 7.4 
1219 3 43.7 19.8 
1223 3 cs ; 
1229 3 A 3 


values, therefore, would appear to be too 
low, possibly because of incomplete de- 
gassing of the metal before the solubility 
determinations. With degassing procedures, 
which are entirely satisfactory for practical 
treatments, a sample of vacuum-distilled 
metal absorbed only 4.5 c.c. per 100 grams 
of metal at 500°C. and 650 mm. pressure. 
Therefore, the measured solubility is likely 
to be low if the degassing is not done prop- 


one gma te 
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erly and because of this uncertainty the 
direct measurement of solubility was re- 
jected in favor of the method described. 
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electrolytic sheet made at the Boulder 


City, Nev., station of the Bureau of Mines. 


The sample was degassed by heating to 


Fic. 3.—VARIATION OF GAS ABSORPTION WITH PRESSURE AT 750°C. 


TABLE 4.—Solubility of Hydrogen in Vac- 
uum-distilled Manganese at 760 Mm. 


Pressure 

Temperature, Time, Hydrogen, C.C. 

eg. C. Min. per 100 Grams 
304 80 F325 
496 70 II.4 
681 20 MAE 
760 35 27.6 
976 28 32.2 
cri 35 AL.9 
1045 8 35-9 
896 22 31.0 
768 930 28.3 
670 16 27.6 
610 90 12.0 
51I 55 cted 
396 IIo 12.0 
342 85 12.8 
30r 75 13.4 
241 66 15.2 


VARIATION OF SOLUBILITY WITH 
TEMPERATURE 


Procedure and Results 


The solubility of hydrogen in electrolytic 
manganese was determined from 25° to 
1300°C. The metal used in these tests was 


800°C. in an evacuated chamber. The sys- 
tem was continuously evacuated by a 
mechanical pump and the pressure in the 
system was determined at regular time in- 
tervals. The sample was kept hot until the 
pressure decreased to about 1 X 10-5 mm.; 
the time required was about 50 min. Great 
care was taken to eliminate possible errors 
from leaks in the system. The solubility 
curve was determined in sections, referring 
all measurements to the solubility at 500°C. 
The section from 500° to 1050°C., covering 
the alpha—beta transition; was determined 
first. The second run covered the range 
from 1050° to 1160°C., including the beta— 
gamma and gamma-delta transitions and a 
few values between 500° and 1050°C. The 
third run covered the range from 1160° to 
1300°C., including the delta-—liquid transi- 
tion and also a few values from 500° to 
1160°C. The fourth run was from 500° to 
Pia On 

The results of these tests (Table 3 and 
Fig. 4) show the same general type of curve 
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as that obtained in the earlier work. Some 
of the points obtained on each run are 
marked and where the runs overlap the 
agreement is always within o.5 c.c. All the 
values at 500°C. fallin a range of 1 c.c. The 
metal was not completely degassed before 
these tests, so the apparent solubility at 
500°C. was less than that indicated by the 
_ results in Table 2. The values obtained in 
_ these four runs were adjusted to agree with 
the absolute values obtained previously. 


Supplementary Tests and Discussion 


From 500° to 1300°C. the solubility in- 
creases considerably; four sudden changes 
_ in solubility occur where structural transi- 
_ tions occur in the metal. The transitions 
4 from alpha to beta, beta to gamma, and 
delta to liquid are accompanied by in- 
creases in solubility. The gamma to delta 
transition is accompanied by a decrease in 
solubility. Below 500°C. the solubility in- 
creases with decreasing temperature, con- 
trary to the behavior of most metals, 
which generally have positive temperature 
coefficients from room temperature into the 
liquid range. Above 500°C. and between 
the transition points, the solubility has a 
normal positive temperature coefficient. 
To check this curve and to determine the 
effect of the previous history of the sample, 
the solubility of hydrogen was measured 
for a sample of vacuum-distilled manga- 
nese. The results are shown in Table 4 and 
_ Fig. 4. The values obtained on heating 
agree with those obtained on electrolytic 
metal well within experimental errors, ex- 
cept for one point near the alpha-beta 
transition. This exception is not significant 
because the solubility values on the rapidly 
rising or falling sections of the curve in the 
transition zones do not represent true equi- 
librium conditions and vary with the rate 
of change of temperature. On cooling from 
- r100°C., the points at 1050° and 8g0°C. 
do not check very well, but the metal was 
held at 1050°C. for only 8 min. and equilib- 
rium was not established in this time. Lack 
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of equilibrium is also reflected in the 890°C. 
value. The rest of the cooling values agree 
well with those for heating, and also with. 
the values obtained on electrolytic metal. 
The effect of the rate of change of tempera- 
ture is again shown by the solubility at 
670°C. on cooling. The solubility is higher 
than that obtained for electrolytic metal, 
probably because less time was allowed for 
the metal and gas to reach equilibrium. 
These results agree with those obtained on 
electrolytic manganese from 240° to r110°C. 
and show that there is no significant dif- 
ference between the solubility of hydrogen 
in electrolytic manganese and vacuum-dis- 
tilled manganese. 


TABLE 5.—Changes in Solubility on Heating 
and Cooling from 500°C. and Changes during 
the Transformations 


Re Cian: 
Temperature Range jee beds SRR Se tae 
or Transformation 
Bureau of Mines | Sieverts 

Alpha—beta............ 15.4 16 
Beta-gamma.........- 5.6 8 
Gamma-delta.......... sales —2 
Delta—ltqted\ en sss rs 15.5 15 
BOOS torgscC. wy erenents 10.4 34 
OOO! T2902 Creed sie-<e.erd 48.4 50 


The general character of the solubility 
curve, Fig. 4, agrees with that obtained by 
Sieverts,? as shown by the data in Table 5. 
The changes in solubility caused by the 
structural transformations are shown, as 
well as the changes in solubility with tem- 
perature. The negative values indicate 
decreases in solubility. The difference be- 
tween Sieverts’ values and ours is within 
experimental error for the alpha-beta and 
delta-liquid changes. The beta to gamma 
and gamma to delta changes are each sig- 
nificantly less than Sieverts’ results, but the 
differences are not serious. The discrepancy 
between the solubility increases from 500° 
to 1290°C. is accounted for entirely by the 
differences between the beta-gamma and 
gamma-delta changes, indicating that the 
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changes in solubility with temperature be- 
tween the transition points agree within 
experimental error. 

On cooling to room temperature, the re- 
sults differ considerably. A possible explana- 
tion for this difference might be incomplete 
absorption of the gas by the metal owing 
to insufficient time to reach equilibrium 
conditions. We allowed much more time 
than Sieverts in the tests on electrolytic 
manganese. The shortest time allowed 
for the establishment of equilibrium was 3 
hr. at 400° and 96 hr. at 100°C. Sieverts 
allowed 14 hr. and 3 hr. at these tempera- 
tures, respectively, and his maximum time 
was 9 hr. at 300°C. Moreover, our values 
obtained on vacuum-distilled metal agree 
well with those on electrolytic metal, and in 
these tests the time was much shorter, vary- 
ing from 1 to 2 hr. It would seem that this 
difference in results cannot be explained 
altogether by difference in time of treat- 
ment; complete explanation would require 
careful study of the experimental pro- 
cedures in each case. ‘The solubility curves 
also differ because of the difference be- 
tween the values of absolute solubility 
obtained at 500°C., as discussed in the pre- 
vious section. 


TRANSITION POINTS IN 
ELECTROLYTIC MANGANESE 


Hydrogen-solubility Method 


The solubility curve shown in Fig 4 is 
typical of all the curves obtained by us in 
these and earlier tests. There are three 
sudden breaks in the curve between 600° 
and 1200°C., which indicate the existence 
of four types of manganese; the transition 


temperatures are marked by the beginning | 


of the sudden changes in slope of the solu- 
bility curves. In some cases, the changes in 
slope are very sharp and can be located 
within a range of a few degrees. The breaks 
in the heating curve in Fig. 4 are typical of 
this type. In other cases the transition is 
very gradual and it is difficult to determine 
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any starting point. The curve from 1200° © 
to 1300°C. and the cooling curve from 750° — 
to 600°C. are typical of this type. In fact, — 
the beta to alpha transition on cooling is — 
always rather indefinite, so the apparent ~ 
transition temperature may vary from 700° 
to 640°C., depending on the rate of change ~ 
of temperature. The other transition points — 
on both heating and cooling can be deter- — 
mined more precisely, as shown by the © 
alpha to beta, beta to gamma, and gamma ~ 
to delta points on the heating curve in Fig. 
4. The melting and freezing points can be © 
determined just as satisfactorily, but this — 
part of the curve is not shown. 

The transition points were defined as the 
temperature corresponding to the inter-— 
section of tangents to the solubility curve ~ 
drawn just before and just after the sharp 
change in slope. The temperature thus 
determined would be one of the two ob- — 
served values nearest the break, or some © 
value intermediate between them. The un- ~ 
certainty in the transition-point determina- _ 
tion would be judged by the sharpness of 
the break and the difference between the 
point of intersection of the tangents and 
the two nearest observed temperatures. 

The transition points were determined on 
three samples of degassed electrolytic man- 


ganese. In the first test the temperature 


was obtained from the pyrometer in the 
furnace controller, a correction being made 
for the difference between this value and 
the actual sample temperature. In the sec- 
ond test the thermocouple was placed 
inside the specimen (Fig. 1), and in the 
third test the thermocouple was placed 
outside the sample container and protected 
from the furnace tube by a quartz tube with 
walls of the same thickness as those in the — 
sample container. The results of these 
determinations and the average values are 
shown in Table 6. 

The agreement among these results is- 
very satisfactory. Except in one case, the 
various determinations fall within the limits 
of uncertainty specified for the average 
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value; this uncertainty is small, considering 
the high temperatures. In the beta to alpha 
transition, no definite point can be specified 
because of its dependence on the cooling 
rate. 
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LUKENS 400 
the existence of delta manganese, but 
their data also showed the three dis- 
continuities given in Table 6. It has been 
suggested that the determinations of hy- 
drogen solubility might show breaks due to 


TABLE 6.—Transition Temperatures, Degrees C. 


Transition Test I Test 2 Test 3 Average 
Heating: 
pipe beta Seva MET aio smells Die ad alee GaietS 723 +4 (27a 726 + 3 
ear Saha bats laut Aebs ois cleeis eters 10906 + 3 1098 + 2 1097 + 2 10907 + 3 
ITAA = COLCA ig aiarajel eayasoys,elepeisig reels =\= 1135 + 3 DiS 7) 2 EGS 7a 2 1136 + 2 
WDeltartquid oie <mi)stsie ies aclele viscin ole 1245 + 5 
Cooling: | 1246 + 5 
MA cad Get ale occ eerie bi sccielle aleve cislahe #6 £247) 3 ie 
Delta wa tH ae stays eteislaic ajs) ccvssslelere oily Tiss." 3 1143 + 3 EIAO 2 TLA0) <3 
RavuNA—DeEN. -eciee. overuse ee eles rro2 + 5 Tror +2 1102 + 3 
Beta al pia den ce ciste rarsinia. se aveietovelele’ 680 — 660 700 — 665 700 — 660 


TABLE 7.—Transition Points in Manganese 


Alpha—beta Beta—gamma Gamma-delta ; 
: Melting 

Investigator = Point 
Heating | Cooling | Heating | Cooling | Heating | Cooling Deg. C. 

742 682 1043 1005 II88 1195 1244 

712 701 1093 1087 1148 II52 1254 

736 677 1072 1062 I152 1162 1245 

770 670 1070 I050 1165 II45 I244 

726 700-660 1097 II02 1136 II40 1246 


ee 


Discussion of Results 


These results do not agree well with 
those of previous investigators, as can be 
seen from Table 7. Gayler’s* values were 
determined by thermal analysis methods on 
vacuum-distilled metal. Yoshisaki’s* values 
were determined by density measurements 
in sodium chloride for the high temperatures 
and by dilatomteric methods for the alpha- 
beta transition. Grube’s®*® values were de- 
termined by thermal analysis and magnetic 
susceptibility measurements on vacuum- 
distilled metal, and Sieverts’ and Moritz’s? 
values were determined by changes in hy- 
drogen solubility in vacuum-distilled man- 
ganese. We have shown the existence of 


a fourth form of manganese, referred to 


as delta. Grube and Sieverts also observed 
three discontinuities in their data and 
recognized this as indicating the pres- 
ence of a fourth form of manganese. 
Gayler and Yoshisaki did not recognize 


the formation of a hydride, but Sieverts’ 
and our results show the solubility to vary 
with pressure in a perfectly normal manner, 
with no evidence of any compound forma- 
tion. Later in this paper results obtained in 
an atmosphere of helium, where hydride 
formation was not possible, will be given; 
three transitions were also found. 

The solubility curve in Fig. 4, in the 
vicinity of the transition points, also shows 
what would appear to be hysteresis loops 
at each transition. However, the transition 
points in Table 6 are somewhat lower on 
heating than on cooling. These observa- 
tions are not consistent; and, if the effect 
were due to hysteresis, the transition points 
on heating would occur at higher tempera- 
tures than on cooling. The heating and cool- 
ing values shown in Table 6 agree within 
the uncertainty of the determinations in 
every case but one; it is believed that with 
careful measurements and with slow heat- 
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ing and cooling rates the values would agree 
even closer. The difference in the heating 
and cooling values is believed to be purely 
experimental, and the apparent hysteresis 
loops in the solubility curve are due to 
sluggishness in the transformations. Very 
slow cooling rates would eliminate these 
loops. In the alpha—beta transformation, a 
real hysteresis effect seems to exist because 
between 700° and 725°C. the solubilities on 
heating and cooling differ by 15 to 16 c.c. 
of gas per 100 grams of metal, and the 
curves are reproducible, indicating that 
equilibrium conditions exist during these 
determinations. On the other hand, we have 
obtained other evidence by X-ray analyses 
on manganese-copper alloys that indicates 
that this alpha—beta hysteresis loop can be 
eliminated if sufficient time is allowed for 
the transitions to occur. In this work’ alloys 
containing over 80 per cent Mn were 
quenched from temperatures at which 
alpha manganese and beta manganese were 
precipitated and reheated to temperatures 
from 680° to 730°C. After 224 hr. those 
containing alpha manganese showed beta 
manganese at 690°, but not at 680°C. 
Those containing beta manganese usually 
showed alpha manganese at 680° in 50 
hr., while at 690° the beta manganese was 
retained. Thus, it appears that the alpha- 
beta transition in these alloys will take 
place on heating and cooling at a tempera- 
ture slightly below 690°C. if the material 
has from 50 to 224 hr. in which to change 
structure. Since the alpha and beta man- 
ganese in these alloys is nearly pure 
manganese, it is believed this condition 
would also hold for the pure metal and the 
alpha-beta hysteresis loop in Fig. 4 would 
disappear. Any type of test in which these 
long periods cannot be allowed will neces- 
sarily show hysteresis effects. 


Thermal Analysis and Heat-content Methods 


In connection with other Bureau of 
Mines investigations’® on the properties of 
electrolytic manganese and its alloys, the 
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transition temperatures for electrolytic 


manganese were determined by two other 
independent methods. Both thermal analy-— 
sis methods’ and discontinuities in the heat 
content curve® were used to locate the | 
transitions. Owing to the wide discrepancies — 
in the results obtained by other investiga- 
tors (Table 7), it was considered advisable 
to present the results obtained by these 
three independent determinations. 
The results are shown in Table 8, in which © 
an average of the heating and cooling values . 
is given for the beta-gamma, gamma-— 
delta, and delta—liquid points determined 
by the thermal analysis and hydrogen- 
solubility methods, since we do not believe — 
any true hysteresis exists in these transi- 
tions. The results obtained by the heat- | 
content measurements did not show any — 
hysteresis effects, and the same value was ~ 
obtained on heating and cooling. These — 
values agree among themselves very well. 
The heat-content and hydrogen-solubility 
methods give results that agree within the 
uncertainty of the determinations, but the — 
thermal analysis method gave significantly 
lower values for the beta-gamma and — 
gamma-delta transitions. In the latter 
method, it is necessary to compromise be- 
tween heating or cooling rate and tempera-— 
ture differential. A high rate of change of 
temperature will give a readily measured 
temperature differential, but the error in 
locating the transition points will be high 
because of the rapid change in temperature 
and the large lag between the sample and — 
its container. On the other hand, a low 
rate of change of temperature should make ~ 
it possible to determine the transition 
temperature more accurately, but the tem- 
perature differential will be low, making it 
more difficult to measure and to locate the 
arrests in the curve. In the former methods, 
however, the measured effect is cumulative — 
and as much time as is convenient can be — 
allowed for the transition to occur. The — 
rate of change of temperature can be very } 
slow, and the transitions can be located — 
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as accurately as the temperatures and solu- 
bility measurements will permit. Therefore, 
we consider the results of the heat-content 
and the hydrogen-solubility methods to be 
the most reliable and have proposed in 
Table 9 what we consider. to be the most 
probable transition temperatures for elec- 
_ trolytic manganese. Moreover, since all the 
solubility tests show no difference between 
electrolytic and vacuum-distilled mangan- 
ese, there is no reason to think that the 
transition points should differ and the 
— values in Table 9 should be valid for vac- 
uum-distilled manganese also. Two values 
_ are given for the alpha—beta transition, one 
for heating, and one for cooling, because the 
normal methods of testing will show con- 
siderable hysteresis effects in this transi- 
- tion. (See discussion on page 412.) The 
heating point is readily reproducible, how- 
_ ever, and does not change much unless the 
heating rates are very slow and 50 hr. or 
more is allowed for the transition to take 
_ place. The transition on cooling is subject 
to greater variation and cannot be stated 
with any accuracy. 


TaBLe 8.—Transition Points Obtained by 


Various Methods 
Method 
Transition 

Thermal Heat Hydrogen 
Analysis | Content | Solubility 

' Alpha—beta....... G27 tos Tet tit eh 20 te 3 

Beta-gamma....+. Ioor + 3/1101 +5 |1099 + 3 

Gamma-delta...../1133 4 3|1137,4 5 |1138 +3 

_ Delta—melt....... 1244 +2 |1246+5 
Beta-alpha....... 692 + 3| 692 — 683] 700 — 660 


TABLE 9.—Transition Points for Pure 


Manganese 
TEMPERATURE, 
TRANSITION Dse. C. 
Alpha~beta (heating).......... Wag AEE 34 
Beta-gamma........ EL LOON sens 


Garmma-deltalcy. cu. onto se ESS E13 
Welta=liquid (iq atlas. 


= laa A ind OE 


_ Beta-alpha (cooling)... 692 — 665% 
¢ See text for explanation of these values. 
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CONCLUSIONS 


1. The solubility of hydrogen in elec- 
trolytic manganese obeys the normal 


relation, 
V.=\KaA/P 


2. The absolute solubility of hydrogen in 
electrolytic manganese is 11.4 + 0.3 C.c. per 
100 grams of metal at 500°C. and 760 mm. 
pressure. 

3. The solubility varies in a normal man- 
ner with temperature above 500°C., show- 
ing three sharp breaks indicating the 
existence of four forms of manganese in the 
solid state. 

4. Below 500°C., manganese has a nega- 
tive temperature coefficient of solubility 
and has a solubility of 21.6 c.c. per 100 
grams of metal at 24°C. 

5. The solubility of Ry Avoeent in vacuum- 
distilled manganese is the same as that in 
electrolytic metal within experimental error. 

6. The transition points in electrolytic 
manganese are: 


Alpha-beta............ 727 + 3 (heating) 
Beta-gamma.......... 1100 + 3 
Gamma-delta.......... siliehs) Sieg) 
Delta-liquid........... 1245 +3 
Beta-alpha............ 692 — 665 (cooling) 


SUMMARY 


The absolute solubility of hydrogen in 
electrolytic manganese was determined by 
a method not requiring complete degassing 
of the metal before the determination and 
checked by direct solubility determinations 
on degassed, electrolytic, and vacuum- 
distilled metal. The variation of solu- 
bility with temperature was determined for 
electrolytic manganese from 25° to 1300°C., 
and the variation of solubility with pressure 
was determined for constant temperature. 
The variation in solubility of vacuum-dis- 
tilled with temperatures was determined 
also. Three transitions were found in solid 
electrolytic manganese and the transition 
temperatures determined. The transition 
temperatures determined by thermal analy- 
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sis and heat-content determinations are 
given, and the most probable transition 
points based on the results of the three 
independent methods given. 
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DISCUSSION 
(D. L. Martin presiding) 


W. R. Ham and C. H. Samans*—In view 
of the results presented by the authors in 
Table 8, showing the agreement between 
transition points obtained by various methods, 
it seems well to mention the data that we hope 
to have published shortly in the Journal of 
Chemical Physics. Our attention was first 
caught by B. F. Naylor’s study of the heat con- 
tent of manganese at high temperatures.? It 
was noticed that the three transition temper- 
atures emphasized by him, as well as the 
temperatures of two other minor breaks in the 
curve, which he apparently overlooked, could 
be related by the Bitz type equation: 


Tn = 13,985(1/3? — 1/n?) 


where T is the absolute temperature and » 
takes the successive values: 4, 5, 6, 
* American 


Co., 
Massachusetts. 
9B. F. Naylor: Jnl. Chem. Phys. (1945) 13, 
329. 
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This was similar in form to the equations that 


owes 


had already been found by W. R. Ham and by ~ 


W. R. Ham and C. B. Post for iron from 
hydrogen-diffusion measurements, and by 


W. R. Ham and C. H. Samans for iron, nickel — 


and cobalt from measurements of the elec- 


trolytic conductivity of glasses containing © 


these metals as oxides. 

To confirm this suspected correlation, two 
glasses were prepared containing manganese 
oxide but only one was run, since the results 
confirmed the series so well. The equation 
found best for expressing the transition tem- 
peratures had the constant 13,925°K but 


otherwise was identical with the one just given. © 


According to this equation the series transi- 


tions should occur at 404°, 717°, 887°, 990°, — 
1057°, 1102°, 1134°, 1166°, 1184°, 1198°, I210°, ] 


T21G°, ee Leyanee 

There can be no doubt that the series tran- 
sitions found by measurements of the electro- 
lytic conductivity of glass are determined by 


ied heciiea 


changes in the manganese atom, and are © 


entirely independent of the metallic crystal © 


lattice. We believe them to be an evidence of 


electronic shifts in the atom but a satisfactory — 


explanation is as yet not completely developed. 


The fact that the basis for the transitions lies _ 
in the manganese atom does not preclude, of © 


course, an identity between some of these series 
transitions and conventional allotropic changes, 


but in the case of iron such identities could not — 
be established even though the two might be — 


close together. Careful work with hydrogen 
diffusion showed clearly that the alpha-gamma 
transformation of iron at o10°C was not 
the same as the Fes transition at 920°C. The 
gamma-delta transformation was above the 


oer sx 


convergence (nm = ©) of the iron series. Like- — 


wise, for cobalt, although it was not estab- 
lished exactly, the alpha-beta allotropic 
transformation and the Co, series transition 
temperature were close together but did not 
seem to be identical. 


Because of this alternate explanation for at 


least some of the transitions either found or 
quoted by the authors, one other point should 


perhaps be made. The results of thermal, — 
micrographic and X-ray methods reported by 


Dean, Long, Graham, Potter and Hays! indi- 


10R. S. Dean, J. R. Long, T. R. Graham, 


E. W. Potter and E. T. Hays: Trans. Amer. | 


Soc. for Metals (1945) 34, 443. 


‘cated that the allotropic transitions occurred at 
Resear 5 Cy) Yxogr*+3°C,-and 1133 + 3°C, 
although, apparently, only the first two could 

__ be verified by the metallographic evidence. The 
data of the other investigators quoted also 
sometimes vary appreciably from those found 
by the present study. Inasmuch as our work 
upon both glasses and metals indicated that 

_ the prominence of any particular series tran- 

sition could be increased or decreased depend- 
ing upon the specific heat-treatment used, there 
appears to be an excellent possibility that the 
various investigators were not always studying 

__ the same transition. The probable presence of 
at least the alpha-beta and beta-gamma allo- 
tropic transitions, of course, at temperatures 

- which may be somewhat different from those 

of the series transitions complicates the inter- 

_ pretation further. Thus even for “alpha-beta” 

~ the data in Table 7 give a mean of 706° to 
720°C, compared with our computed value of 

— 717°C for Mns. For “beta-gamma”’ Gayler 
may well have been studying Mnz, at 990°C 

~ or Mns at 1057°C, whereas Grube and Sieverts 
and Moritz were probably studying Mny and 
the Bureau of Mines data might have been 
secured from studying Mng at 1102°C as well 
as from studying the possible beta-gamma 
transition. At the higher ‘‘gamma-delta” tran- 
sition, quite clearly the various investigators 
might have been studying Mnio (1134°C), Mn 

(1166°C), Mma (1184°C) or Mnis (1198°C) 

and, if so, might have reported their obser- 

vations quite accurately. 
The exact significance of these series tran- 
sitions is still not entirely clear, particularly 
regarding the manner in which they may 

- influence phase transformations either of the 

allotropic, the precipitation or the decompo- 
sition types. However, we believe that our data 
indicate cleariy that certain series transitions 
may at least serve as “trigger’’ mechanisms to 
make the metal lattice susceptible to trans- 
formation, even though some other phenom- 
enon, probably related to thermal vibration, 
may be required to effect the actual allotropic 
change. It is interesting to note also that in all 
three of the common ferromagnetic elements— 
iron, nickel and cobalt—a specific series tran- 
sition seems to serve as the “‘trigger’’ reaction 
at the Curie temperature, which results in the 
loss of ferromagnetism. With these two corre- 
 Jations in mind, the probable importance of 
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these series transitions, which were found 
about to years ago for iron but only recently 
have been verified for other metals, may be 
better appreciated. The work on manganese is 
only one example of many probably in which 
their effects have been detected. Usually the 
data have not been sufficiently complete to 
evaluate them, but we anticipate that they 
will be noticed much more frequently now that 
attention has been directed to them. 


M. B. Brever*—While the solubility data 
reported in this interesting paper are in good 
agreement with those of Sieverts and Moritz 
for temperatures above 500°C, there is a 
marked discrepancy in the values for lower 
temperatures. It is hoped that the authors will 
settle this point by further experimental work. 

The investigations of Sieverts and Moritz 
and of the present authors agree on a negative 
temperature coefficient of solubility below 
500°C. Negative coefficients apply also to the 
solubility of hydrogen in certain other solid 
metals, but so far manganese seems to be the 
only pure metal in which the solubility of 
hydrogen is known to go through a minimum. 
This feature of the hydrogen-manganese sys- 
tem is of theoretical importance, and for this 
reason it is particularly desirable to remove any 
uncertainty from the numerical values for tem- 
peratures below the minimum. 

With respect to the experimental procedure, 
it is worthy of note that evidently even at 
temperatures exceeding 1000°C no appreciable 
amounts of hydrogen were lost by diffusion 
through the silica or by reactions with refrac- 
tory oxides. It would be of interest to know the 
material of the crucible in which the molten 
metal was retained. A statement concerning 
the order of magnitude and the temperature 
coefficient of the so-called “hot volume” of 
the apparatus is also desirable, as this volume 
has a bearing on the degree of accuracy with 
which the hydrogen solubility was measured. 

In connection with the use of gas-solubility 
data for the determination of transition tem- 
peratures, it may be appropriate to call atten- 
tion to gaseous diffusion as a tool for locating 
critical points. Coleman and Yeagley!! have 


* Department of Metallurgy, Massachusetts 
Institute of Technology, Cambridge 309, 
Massachusetts. ; 

11H. S. Coleman and H. L. Yeagley: Jul. 
Applied Physics (1944) 15, 125. 
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shown that this method has considerable merit 
for solid metals. It is superior probably to the 
equilibrium solubility method, although the 
success with which the authors of this paper 


have used solubility data for the determination 
of the transition points of manganese is very 
gratifying. 


F. T. Worrett*—The author refers to the 
equilibrium diagram for the system copper- 
manganese. It might be of interest to remark 
at this time that we have reason to believe that 
the equilibrium structure in the gamma region 
for high-manganese alloys is cubic rather than 
tetragonal, as is generally believed. 

Our evidence has appeared in connection 
with some work on the damping capacity of 
certain copper-manganese alloys. Metallo- 
graphic examination of specimens containing 
88 pct manganese that have been quenched in 
water after cold-working and annealing at 
925°C reveals a structure containing two types 
of twins; namely, large twins like the annealing 
twins seen in copper and a set of very fine 
twins. The latter apparently occupy the entire 
volume of the specimen. A typical pattern is 
shown in Fig 5. 

It has been suggested by Zener that these 
small twins represent twinning along planes of 
the type {110}, a type of twinning that is 
easily produced in a tetragonal lattice of axial 
ratio near unity. This hypothesis has not yet 


i:..* Institute for the Study of Metals, Univer- 
_ sity of Chicago, Chicago, Illinois. 
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been proved by. X-ray methods, but analysis 
by the use of the stereographic projection 
indicates that this supposition satisfies the 
observed pattern of twins, it being further 


assumed that the large twins occur along the 
{111} planes. If this hypothesis is true, it 
would appear that the gamma phase might 
have a face-centered cubic structure at all 
manganese concentrations, and that the face- 
centered tetragonal structure usually observed 
in the quenched alloys of high manganese con- 
tent is the result of twinning during cooling. 
If the gamma phase were tetragonal, it seems 
unlikely that {111} twins would form, since 
the {110} twins are much more easily formed. 


E. V. Porter (author’s reply)—The discus- 
sion by Ham and Samans is exceedingly inter- 
esting, especially because it provides a possible 
explanation for the variation in results reported 
by so many investigators. It is possible that 
the transitions observed by us are the series ~ 
transitions, but there is no doubt that the alpha 
to beta and beta to gamma transformations do — 
occur very close to the temperature we have 
indicated. Unfortunately, it is very difficult to 
locate these points closely by either X-ray or 
metallographic means, so we cannot distinguish 
between possible series transitions and actual 
allotropic transformations. Considering the 
complexity of the structures of alpha and beta 
manganese, and the small amount of hydrogen 
in the metal, it would seem that the structure 
of the metal would have more to do with the ~ 
solubility than any changes within the indi- 
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vidual atoms and the observed transition points 
would be most likely actual allotropic changes. 
This might not be the case for the gamma to 
delta transition, since gamma and possibly 
delta have simple structures and contain more 
gas, and the transition cannot be confirmed by 
X-ray or metallographic observations. 

In reply to Mr. Bever’s questions, the metal 
was melted only in a few tests where the ex- 
treme upper section of the curve was deter- 
mined. In the molten state the metal reacts 
rapidly with most materials and it is difficult 
to retain it long enough to get a cooling curve. 
In some of these tests alundum crucibles were 
used but we found fused quartz to be prefer- 
able. In the tests below the melting point, 
fused quartz was used in every case. Some- 
times the metal was placed in a crucible but 
at the low temperatures it was just packed in a 
quartz tube. The volume of the hot portion of 
the system varied from 10 to 15 cc. The hot 
volume of the system or the apparent change 
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in volume at any temperature is given approxi- 
mately by the relation 


C. 
av = Vu (x - 72) 


where AV is the apparent change in the volume 
of the system, Vy is the volume of the hot por- 
tion of the system, J» is the reference temper- 
ature and TJ is the actual temperature in 
degrees K. The temperature coefficient defined 
as 


decreases rapidly as T increases. The actual 
observed volume changes and rates exceed 
these theoretical values at the high temper- 
atures because some of the so-called cold part 
of the system is heated appreciably. For exam- 
ple, a calculated coefficient at 1tooo°C was 
2X 10-4 while the observed coefficient was 
about 2.7 X 10 4. In every case the observed 
hot volumes were used in making corrections. 


The Melting of Molybdenum in the Vacuum Arc 


By Rospert M. PARKE* MeMBER AND JoHN L. HAm* Junior MEMBER AIME 
(Atlantic City Meeting, November 1946) 


THE melting point of molybdenum is 
2625° + so°C. Heretofore the metal has 
been considered too refractory to be melted 
in commercial quantities; hence, it has 
been formed into rod, wire, and sheet by 
the methods of powder metallurgy, wherein 
the temperatures do not exceed go per 
cent of the melting temperature. 

The manipulation of liquid metals at 
temperatures of about 2000°C. and above 
presents some difficult problems in heat 
transfer, in purification, and in container 
materials. For metals melting at such high 
temperatures, it is generally regarded as 
expedient.to circumvent the more common 
melting and casting process by resorting 
to powder metallurgy. This circumvention 
is not accomplished without some penalties, 
the more notable of which are the relatively 
high cost of the powder metallurgy 
method and particularly the size limitations 
of its product. 

In an effort to overcome the inherent 
disadvantages of the powder metallurgy 
method, especially in respect to the limit 
of size, a project was begun in 1943 at 
the Climax Molybdenum Co. laboratory 
to develop a method of melting and 
casting molybdenum capable of producing 
larger bodies of molybdenum than were 
then obtainable. Later, from Feb. 1, 1944, 
to Aug. 31, 1945, the project was under the 
supervision of the National Defense 
Research Committee, Division One. In 
peacetime, too, there are needs for molyb- 
denum, which make consideration of 

Manuscript received at the office of the 
Institute April 16, 1946. Issued as TP 2052 in 
METALS TECHNOLOGY, September 1946. 


* Climax Molybdenum Company of Michi- 
gan, Detroit, Michigan. 


416 


another process desirable; for example, 


large parts for heat engines generally, the 
omnipresent demand for metal of higher 
quality and lower cost, and the develop- 
ment of molybdenum-base alloys. 


This paper describes methods for melt- — 


ing and casting molybdenum, with details 
of the special process needed to make 
molybdenum castings ductile, and reports 
some of the properties of what may be 
regarded as a new, or at least modified, 
form of the metal. 


First Process FOR MELTING AND CASTING 
MOLYBDENUM 


The maintenance of a _ temperature 


greater than 2625°C. in a space large 
enough to melt several pounds of molyb- 
denum may involve the loss of heat at a 
very considerable rate. For melting molyb- 
denum, therefore, the source of heat must 
be of high potential and of fairly high 
power. Evidently, also, the source of heat 
must not impair the purity of the product. 
The electric arc operating in vacuum 
appeared to meet these requirements and 
was accordingly the first choice as a source 
of energy. 

A number of arc devices for melting 
molybdenum were examined, and several 


were tried. In the first experiment, a 


20-kw., 60-cycle-per-second alternating- 
current arc was operated between two 
horizontal 
molybdenum. In this arrangement the 
falling droplets of molybdenum solidified 
below the arc in an irregular mass. This 
experiment did not produce a useful cast- 


ing, but the data obtained indicated that — 


and opposed electrodes of 


e 


i 


ROBERT M. PARKE AND JOHN L. HAM 


a practical rate of melting could be at- 
tained with a reasonable expenditure of 
energy. 

The problem of a container or casting 
mold for molten molybdenum was the 
subject of much experimentation. There 
are few substances having melting points 
higher than that of molybdenum that at 
the same time will not react with liquid 
molybdenum—and all of these are ex- 
pensive. An exception, perhaps, is mag- 
nesium oxide, but its vapor pressure at 
2700°C. is in the order of 10 cm. of mer- 
cury. For this reason alone, it is unsuitable. 
However, if the container is externally 
water cooled, the portion of liquid molyb- 
denum next to the interior surface of the 
container can be quickly solidified and 
cooled to a relatively low temperature. 
The immediate container of molten molyb- 
denum thus soon becomes the solid molyb- 
denum that formed on the surface of the 
primary or water-cooled container. The 
primary container is not in contact with 
liquid molybdenum long enough for its 
surface to attain the exceedingly high 
temperature of the melting process. In 
this alternate system for solving the 
container problem, the important property 
the mold material must possess is high 
thermal conductivity, and for this require- 
ment a less costly material can be con- 
sidered; for example, copper. Copper is an 
ideal material because of its poor weld- 
ability to molybdenum and its high 
thermal conductivity. 

Experiment has shown that molyb- 
denum can be cast into a water-cooled 
copper mold without melting the mold. 
Furthermore, it was discovered that a 
water-cooled copper wall 1¢ in. thick could 
absorb the radiant energy of a 20-volt, 
4o-kw. arc at a distance of }4 in. without 
vaporization of copper in any amount 
detectable in the product. These facts 
made possible the combining of the melting 
chamber with the casting mold, which 
meant in turn that melting and casting 
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could be performed concurrently. The 


important advantage of such a system is 


that the maximum power requirement for 
a given mass of casting is much reduced, 
since the mass of molybdenum molten at 
any instant is a small fraction of the 
mass of the casting. In this system of 
concurrent melting and casting, the rate 
of melting can be so regulated with 
relation to the size and cooling capacity of 
the mold that freezing from the bottom 
takes place rapidly enough to substantially 
eliminate porosity due to solidification 
shrinkage. Combining the melting and 
casting process suggests a simple arc 
arrangement in which there is an upper, 
vertical, consumable, solid electrode op- 
posed to a lower, liquid electrode. The 
upper electrode is made up of a series of 
pressed and sintered molybdenum bars 


‘joined with molybdenum nipples. The 


lower electrode, through solidification, is 
gradually converted into the casting 

This is the type of arc mechanism finally 
adopted. The essential features of the 
vacuum arc melting and casting device 
are shown in Fig. 1. The arc is controlled 
by lowering the upper electrode between 
two sharp-toothed wheels, which are 
driven by a motor automatically operated 
from a voltage signal from the arc, as 
shown in the sketch. Drops of molybdenum 
form at the lower end of the upper elec- 
trode and fall into the liquid pool below 
at a rate of 6 to 8 grams per second, or 
about 50 lb. per hour. 

Twenty-five pounds is about the weight 
limit of the castings producible in the 
present laboratory equipment. Larger cast- 
ings could be made if the height of the tube 
housing the consumable electrode and the 
energy capacity of the electrical source 
were increased—both easy matters. The 
energy capacity of the present arc is about 
50 kw., which limits the cross-sectional 
area of the consumable electrode to about 
11¢ sq. in. and also limits to about 4 in. the 
maximum diameter of the pool of molten 
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molybdenum that can be maintained. 
The latter diameter should be somewhat 
larger than the inside diameter of the 
mold, to ensure filling of the mold. 
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THE MELTING OF MOLYBDENUM IN THE VACUUM ARC 


0.01 per cent carbon is usually sufficient 
to properly deoxidize commercial grades 
of molybdenum during the melting process 
if the pressure just above the casting 


VACUUM CASE 

MOLYBDENUM BAR TO BE MELTED 
FEEDING ROLLERS 

FEEDING MOTOR 

VACUUM SEAL. 

TO VACUUM PUMPS AND GAUGES 
CONNECTIONS FOR 
CONTACTS 
COOLING WATER 
COPPER FORM FOR CASTING 

WATER JACKET 

ARC 

MOLYBDENUM CASTING 

MOLYBDENUM SUPPORT FOR CASTING 


ARC CURRENT 


Fic. 1.—DEVICE FOR MELTING AND CASTING MOLYBDENUM, FIRST PROCESS. 


It has been necessary to add a deoxidizer 
to all commercially obtainable grades of 
molybdenum to obtain castings that can 
be hot-worked. The deoxidizer generally 
used is carbon. The addition of about 


chamber is kept below 20 microns. The 


exact amount of carbon needed for de- 
oxidation depends, of course, upon the 


amount of carbon and oxygen already in 
the molybdenum. If the castings are to be 


was 
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hot-worked, it is not necessary to deoxidize 
so perfectly that all gas holes are eliminated; 
for it has been possible to produce wrought 
material that appears to be sound from 
cast material that was not entirely free 
from gas holes. 
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molybdenum bars were heated in vacuum 
to the forging temperature (1400°-1550°C.) 
by high-frequency induction. They were 
withdrawn into the air and worked in a 

two-die swage. The dies of the swage were 
forced together on a 750-lb. air hammer. 


TABLE 1.—Conditions for Typical Runs during Operation of Vacuum Arc-melting Apparatus 


NQs ge EE Rs ee Sete A GEMS RE nA ee 
Composition of consumable electrode 
Diameter of casting chamber, in............ 
PAPONCUTTEN by EID slcierece sae g) evel'zls 0 ole sores ayavene 
AT CRVGICA Ores fae hriee o taka ewslorale tiles Siow a 
ound stmel beds ji ero.5s.cyer8 Grete wi alouid eee cs. waves 
PONS DET MINUTES cc. veto wie. css vclaadedee® 
Pounds per kw-hr..... ee ROC Pte 
PAEORGUTE UIC OTIS ne cleileiers. dle 7p level wis Sele fie 
MIZE OL CLECLLOGES SLD is emis vcbivnic ane ae eid bleleis 
ELOL GLOCTTOUG wi. sie Sky 2 chess dis « Spee behea et 


74 57 59 41 34 
Mo Mo Mo Mo 85Mo-15W 
1144 I i 11g 320 
I,130 I,050 | I,050 | I,000 1,660 
19-21 22 23 29 20 
eee) 2.63 2.30 Tene 25.0 
0.31 0.49 0.58 0.59 1.0 
0.81 1.25 1.42 1,22 1,81 
b 40 6 50 100-200 
He He He Ws 1346 
Square | Square | Square | Square Square 


@ 0.02 per cent carbon added to consumable electrode. 
+ Arc operated in a stream of hydrogen at 5 mm. pressure. 


In the experiments of this investigation, 
the energy consumption was _ between 
1¢ and 1 kw-hr. per pound of molybdenum. 
The electrical conditions varied with 
electrode and casting size. At 14 kw-hr. 
per pound, approximately three times as 
much energy is used as is required theoreti- 
cally from the thermal properties of 
molybdenum. The conditions for typical 
runs are given in Table 1. This table 
includes one run (the only one performed) 
in which hydrogen was used as a de- 
oxidizer. This single experiment permits 
the conclusion that hydrogen, as well as 
carbon, might deoxidize molybdenum in 
the vacuum arc. 

In a few special experiments, molyb- 
denum-base alloys* and pure tungsten 
were melted simply by making suitable 
changes in the composition of the con- 
sumable electrode. 


Hot-working Arc-cast Molybdenum 


Hot-working of arc-cast molybdenum 
done with specially constructed 
equipment because of the lack of hydrogen 
furnaces and standard rotary swaging 
machines. In this investigation the cast 


* The electrodes for these experiments were 
obtained through the courtesy of Dr. J. W. 


Marden, of Westinghouse Electric and Manu- 
facturing Co., Bloomfield, New Jersey. 


They were designed to place a large portion 
of the bar under hydrostatic pressure and 
thus have an action similar to that of 
extrusion. 

Starting with a casting of 114-in. 
diameter, the following reductions in 
area were made in individual steps, each 
requiring another set of dies: 


REDUCTION IN AREA, 


PER CENT DIAMETER REDUCED TO 
15.0 11¥/¢ in. 
11.7 1446 
323 146 
23.0 58 
20.0 4% 


Product of the First Process 


It is a characteristic of the casting 
method that the castings are formed with 
little or no porosity due to solidification 
shrinkage. The average density of the 
castings is 10.17; the density of cast and 
wrought molybdenum (after about 85 
per cent reduction of area) is 10.22. 
Most of the difference is due to gas holes 
resulting from incomplete deoxidation, 
since the average density of cast molyb- 
denum after remelting is 10.22. 

The surfaces of the molybdenum castings 
formed by the water-cooled copper mold 
are rough. For most purposes the outer 
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portion of the casting must be machined are first sintered by electrical resistance 
off to a depth of about 1g in. The rough in an atmosphere of hydrogen. Occa- 
surface is believed to be caused by splash- sionally the sintering current selected is 


bees — ae aie! i 
. °F * +e 
gh ee he 3 
| 2 ee 
° ee 


s, bis rk ; Nast : ‘ & : £0: £ bs * Z 5 o c 
Fic. 2.—HeEat No. 59. Not DEOXIDIZED. 

Dendrites, believed to be oxide of molybdenum, are in the plane of observation. Grain surface 

exposed by fracturing. 
Unpolished and unetched. X soo. 
Fic. 3.—Herat No. 71. As cast. Nort DEOXIDIZED. 

Dendrites of molybdenum oxide are in plane at some large angle to plane of observation. 

Etched in ro per cent NaOH + 30 per cent K3Fe(CN).¢. X 1000. 


ing and the resultant formation of cold too great and local melting occurs. In- 
shuts. variably, molybdenum so melted is ex- — 


In the powder metallurgy process for tremely brittle. The early molybdenum : 
shaping molybdenum, the pressed bars castings made in the vacuum arc had a 


ROBERT M. PARKE AND JOHN L. HAM 


normal hardness of 145 to 160 Vickers 
Pyramid Number, evidently somewhat 
softer than molybdenum made by sinter- 
ing powders. This would not lead one to 
suspect that arc-cast molybdenum might 
be brittle. It was surprising to discover 
that those early molybdenum castings 
could not be hot-worked or cold-worked. 
In lieu of plastic deformation—in the 
hammer swage described, for example— 
numerous intergranular fractures occurred. 
In the search for the cause of this extra- 
ordinary brittleness, the microscopic 
examination of grain surfaces by the tech- 
nique described by Zapfie and Clogg* was 
used. This technique disclosed a micro- 
constituent that covered appreciable por- 
tions of the as-cast grain surfaces. Later 
it was noted that if a large enough sample 
was examined an intergranular phase 
could be detected in cast (and incom- 
pletely deoxidized) molybdenum by the 
conventional metallographic method. The 
intergranular constituent appeared to be 
nonmetallic and was tentatively identified 
as an oxide of molybdenum. Evidently 
the oxide was rejected to the crystal 
boundaries, where it concentrated during 


‘the process of solidifying. The usual 


commercial grades of molybdenum con- 
tain sufficient oxygen to render melted and 
cast molybdenum unforgeable. Figs. 2 and 
3 show the grain-boundary constituent 
that causes brittleness. in molybdenum 
castings, which is believed to be an oxide 
of molybdenum. The melting of molyb- 
denum in the vacuum arc is accompanied 
by the ejection of hydrogen, water, and. 
carbon monoxide. As a consequence, it 
may be considered unusual that vacuum- 
arc molybdenum (as made early in the 
investigation), which must have been 
purer than powder metallurgy molyb- 
denum, was so brittle as to be practically 
unworkable at the customary hot-forming 
temperatures. It appears, however, that 


* Trans. Amer. Soc. for Metals (1945) 34, 


/ + 41-107. 
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the more uniform distribution of oxygen 
in powder metallurgy molybdenum ac- 
counts for its greater ductility. It is 
fortunate that the excess oxygen may be 
removed by adding to the consumable 
electrode an equivalent amount of carbon 
to form carbon monoxide and by preventing 
the pressure above the melting and casting 
chamber from exceeding about 20 microns 
while melting. The difference in oxygen 
contents of powder metallurgy molyb- 
denum and vacuum-arc, carbon-deoxi- 
dized molybdenum may be as little as 
0.0025 per cent; yet this amount, when 
concentrated in the form of thin sheets of 
oxide of molybdenum on the cast grain 
surfaces, apparently accounts for the low 
intergranular cohesion. 

When oxygen has been adequately 
removed by deoxidizing with carbon, 
the grain-boundary constituent illustrated 
in Fig. 2 is below the limit of detection by 
ordinary microscopic methods. Also, it is 
possible to remove oxygen without in- 
creasing appreciably the carbon content of 
cast molybdenum above that in powder 
metallurgy molybdenum. 

When the nonmetallic grain-boundary 
constituent is absent from vacuum arc- 
cast molybdenum, it is’ readily hot-swaged. 

Cast molybdenum, fully deoxidized, 
can contain at least as much as 0.06 per 
cent carbon without losing hot-work- 
ability. When carbon is added in excess 
of that needed (0.01 per cent) in the 
deoxidation reaction, molybdenum carbide 
precipitates from the melt at the grain 
boundaries. This grain-boundary con- 
stituent is shown in Fig. 4. 

The grain size of the cast molybdenum 
made by the process here described is 
large compared with that of the same 
material after mechanical working or 
that of molybdenum made by the usual 
powder metallurgy method. The crystals 
of cast molybdenum are not equiaxed, 
but are long, slender, and curved, since 
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: at eS “ey 
Fic. 4.—HEat No. 63; 0.024 PER CENT CARBON. MOLYBDENUM CARBIDE DENDRITES. 
Unetched and unpolished surface, exposed by fracturing. X 500. 


TABLE 2.—Some Physical Properties of Cast, and Cast and Wrought, Molybdenum 


Tensile Properties 


Tensile | Yield | Elonga-| Red. 


ny Str.,Lb.}| Point,-| tion, | of Area, 
Heat No. Condition per Ch per ar pee 
Sq. In. | Sq. In. Cent Cent 
76 (2) Remelt. Hammer swaged from 14 to }4 in. dia. Frac- 55,550 18.7 i 
tured outside gauge length. 
76 (3) Same as 76(2). The longer portion of the broken tensile | 71,930 | 66,200 8.6 42.1 


bar from 76(2) was machined to a smaller tensile bar of 
0.1485-in. gauge dia., 1.16-in. gauge length, and 44-20 
thread, from which these data were obtained. — 


77 Remelt. Swaged to 14 in. dia. 83,050 | 73,000 I1.0 8.8 

79H W (HW = hot-worked) Single melt, 0.02 per cent C added. | 86,436 | 74,705 10.4 aica 
Finished swaging to ¥¢ in. dia, at 1700° F. ‘ 

79CW (CW = cold-worked) Single melt, 0.02 per cent C added. | 96,025 | 83,416 9.5 26.2 


Swaged from 1}4 in. dia. to 14 in. dia. Final pass at 


1300°F. 
79CWH-2 | Same as 79CW, but after swaging the specimen was re- 64,185 | 40,160 8.3 was 
eated in vacuum to 3000°F., held for 2 hr. and furnace 
cooled. Specimen fractured in the threaded portion, 
Unfractured gauge length yielded the tensile data. 


i a aS Sere a a es el eel 
Vickers Pyramid Hardness Number 
—— ee SS SS eS eee 


Heat No. 76 At 20°C.‘] At 500°C. | At 600°C, | At 700°C. | At 870°C. | At 20°C. 
& 4 
a ARE eS) | 2 eee ee pret Sgn : 
AG CARES. Ce aie ets een h State rales is BOS 107 77 70 70 58 188 ‘ 
OP QE scivcheteriwerslckiveusie ietanteanvcise 203 106 98 06 719 192 t 
a ae ae oe Pa TE RS SN Pe SS a eee eee 


«Except as noted, all tensile tests were made on 5{g¢-in. specimens, as described in the Metals Handbook, 
Amer. Soc. for Metals, 1930, 132. Rate of extension in all of the above tensile tests was 0.01 in. per minute, 
> After test at 870°C. a 
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they grow most rapidly in the direction 
normal to the rising liquid-solid interface. 

The cast grain size decreases with diam- 
eter of casting and is dependent upon 
purity. Certain amounts of carbon or 
tungsten, for example, refine the as-cast 
grains. The grain size after hot-working 
varies between 0.05 and o.1 mm. in diam- 
eter,* and, of course, the crystals are 
equiaxed. 

The microstructure of vacuum arc 
molybdenum, both cast and wrought, is 
shown in Figs. 5 and 6. 

The measurement of the physical proper- 
ties of vacuum arc molybdenum was not 
intended to be an essential part of this 
investigation. However, a few of the 
properties of cast, and cast and wrought, 
molybdenum have been determined. They 
are summarized in Table 2. 


SEcoND Process FOR MELTING AND 
CASTING MOLYBDENUM 


The preparation of the consumable 
electrode in the first process is awkward 
because it requires the individual pressing 
and sintering of molybdenum bars and 
then their joining—all manual operations. 
Another process, which, in a sense, makes 
molybdenum castings directly from molyb- 
denum powder, will be described. 

In the second process, five distinct 
operations, all in vacuum, are coordinated 
to form automatically a molybdenum 
casting from powder. These are: (1) 
pressing the molybdenum powder into a 
continuous rod, (2) partially sintering the 
rod by electrical resistance heating, (3) 
melting the end of the rod in the electric 
arc, (4) deoxidizing the molten molyb- 
denum with carbon added to the powder, 
and (s) casting in a water-cooled copper 
mold. 

The continuous pressing of the rod of 
molybdenum is done in a manner similar 
to pelleting, except that each new pellet 


* Between A.S.T.M. grain size numbers 3 
and 5. 
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is pressed upon its predecessor in a cylin- 
drical mold. This cylindrical mold has the 
appearance of a collet, but has extra 
functions. Before clarifying the special 
features of the collet, a certain natural 
difficulty in the extrusion of a coherent rod 
of pressed metal powder through a solid 
cylinder will be brought out. 

To form pellets of uniform density, by 
pressing a metal powder through a cylinder 
open at both ends, with a reciprocating 
piston, the column of pellets remaining 
in the cylinder must offer the same re- 
sistance to the piston during each stroke. 
This resistance increases with the compact- 
ness of the pellets and with the friction 
between the pellets and the cylindrical 
mold. If the length of the column of pressed 
pellets in the cylinder exceeds a certain 
value, the reacting force against the piston 
increases on successive strokes until it 
becomes large enough to stall the press. 
Then, if the length of the column being 
pressed is slightly reduced, the back pres- 
sure falls on each stroke until the powder 
is so lightly compacted that it drops 
through the cylinder. Under the special 
conditions of the present apparatus, the 
reacting force of the column of pellets 
against the piston either approaches an 
unsuitably large value or diminishes to 
zero, when a solid cylindrical mold is 
used; therefore, no stable range of opera- 
tion exists. 

The use of the collet type of mold in- 
stead of a simple cylinder entirely elimi- 
nates this instability. The details of the 
collet are shown in Fig. 7. The collet is 
pressed upward into a surrounding conical 
sleeve by a group of springs. This upward 
force determines the powder-pressing pres- 
sure. When the reacting force exceeds a 
predetermined value the collet slides 
downward in its sleeve, an action per- 
mitting the collet to expand and reduce 
the back pressure offered by the column 
of pellets. Thus, the mechanism adjusts 
the pressure during each stroke. 
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The collet has one more function: it 
serves as one contact for introducing the 
sintering current. The column of pellets, 
upon emerging from the collet for a short 
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FIG. 5. 
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tional force of a few pounds between the 
molybdenum rod and the contact, place 
a compressive force on the pellets, so that 
they do not separate in the upper part of 
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Fic. 5.—Heat No. 77; 0.021 PER CENT CARBON. 
Remelt, as cast. Grain boundary constituent is molybdenum carbide. 
Fic. 6.—HEAtT No. 69. FORGED; 0.010 PER CENT CARBON. 
Globular, dispersed constituent is molybdenum carbide. 


Etched in ro per cent NaOH + 30 per cent K;Fe(CN).. 


distance, travels through a lower electrical 
contact. Between the collet and the 
lower contact, the column of pellets is 
changed to a coherent rod by passage of a 
sintering current of several hundred 
amperes. 

The lower contact is supported rigidly 
in the horizontal plane but elastically 
in the vertical plane. The permitted 
oscillation of the lower contact in the 
vertical direction, combined with a fric- 


X 1000. 


the sintering zone. The column of pellets 
will evidently be very weak in the upper 
part of the sintering zone and might 
separate, owing to the weight of the 
column or to the cyclic retraction of the 
collet while it is maintaining a constant 
pressing pressure. 

The lower and hotter part of the sintering 
zone is controlled at a temperature of 
about 1500°C. by a photoelectric device 
that receives radiation from the glowing 
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column and adjusts the value of the 
sintering current. 

After the sintered rod passes the lower 
contact, it is strong enough to suspend 
itself from the contact and reach downward 
to the bottom of a water-cooled copper 
casting mold. At the bottom of the mold 
an arc is formed. From this point on, 
the melting, deoxidizing, and casting 
are similar to the same three operations 
in the first process. 

A schematic drawing of the apparatus 
in which the second process is conducted 
is presented in Fig. 8. 

All the operations of the second process 
can be varied independently over a range 
that is wide enough to permit mutually 
compatible rates of each operation to be 
chosen to be coordinated into a single 
process. However, the combined process 
is influenced by so many factors, and 
experience with the process has been so 
limited, that it is unlikely that the op- 
timum conditions have been discovered. 
At this time it is possible only to specify 
the conditions for a satisfactory experi- 
meent. These are: 


Volume of loose powder fed at each stroke 
0.085 cu. in. 


Diameter of pellet......--,-.....- 0.438 in. 
Length of pellet..............--.+.- 0.250 in. 
Presciti ge: FAtC orcs ryaie ole ieheis go pellets per min. 
Pressing force (load on collet springs) 4000 Ib. 
Length of sintering zone......... Pic 234 in. 
Stroke of plumger..--2.0.»-- +s ae 244 in. 


Sintering current.. 1050 to r200amp., 60 cycle 
Voltage drop through sintering zone... 5 volts 
Maximum temperature during sintering 


2900°F 

IArGuvOltag ener. a clea eens 24 to 28 volts 

Arc current. ...... 980 to 1020 amp., 60 cycle 
Open-circuit voltage of current supply (trans- 

LOVMNET) eee deren te iano ee 63 volts 

Diameter of casting chamber......... 14 in. 

Melting rate... .- phases). 1 lb. per min. 


Evaluation of the properties of the 
product formed by this process has not 
yet been possible, but properties similar 
to those obtained by the discontinuous 


bar-melting process (the first process) 


are to be expected if proper allowance is 
made in the deoxidation process for the 
oxygen content of the powder. 
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3. Pressure plate. 

4. Springs limit com- 
pressive force on 
powder, then col- 
lapse to permit ex- 
trusion. 


t. Retaining ring. 
2. Split tube nozzle. 


DISCUSSION OF RESULTS 


The process for melting and casting 
molybdenum in the low-pressure arc is 
simple and effective. From the point of 
view of the metallurgist it needs little 
further elaboration. However, the necessity 
for deoxidation of molten molybdenum 
has some aspects of metallurgical interest 
if allowance is made for the minute quan- 
tity of oxygen taking part in the reaction 
and the already high purity of the melting 
stock. Approximately 0.0025 per cent 
oxygen, or one atom of oxygen per 6600 
atoms of molybdenum, can render arc-cast 
molybdenum unforgeable under the con- 
ditions of hot-forming described herein. - 

There are a few other instances of seem- 
ingly infinitesimal quantities of impurities 
at grain boundaries markedly lowering 
hot plasticity. They have been discussed 
completely by Smithells.* Still, tracking 
down the unknown cause in each new case 
is exciting, even though at times tedious. 


x C. J. Smithells: Impurities in Metals. New 
York, 1928, John Wiley and Sons, : 
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The phenomenon in the present case 
may be made to appear somewhat more 
acceptable by computing the thickness of 
the oxide film. If the film is assumed to 
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the properties of the oxide and those of 


the carbide to account for their widely. 


different influences upon forgeability. It 
could be postulated, for example, that the 


@ VACUUM CASE 

@) PISTON DRIVE 

@) PowDER SUPPLY AND FEED 
(4) NOZZLE 

© To vacuum pumps 

© SINTERING ZONE 

@ contact 

© WATER Cored corPer MoLe 
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@® cAST METAL 

@) ELecTRIcAL CONNECTIONS 


Fic. 8.—DEVICE FOR MELTING AND CASTING MOLYBDENUM, SECOND PROCESS. 


surround the cast molybdenum grains 
completely, and if the grains are assumed 
to be cubes of one millimeter edge length, 
the film thickness turns out to be nearly 
one-tenth micron. The observed thick- 
nesses of the oxide plates are generally 
between one and two microns, but of 
course the oxide is not spread uniformly 
over the grain surface. 

The weakening effect of an extra phase 
cannot be interpreted wholly on the basis 
of its concentration at grain boundaries; 
for, note in Fig. 4 that molybdenum 
carbide disposes itself upon the surfaces 
of grains in like manner to that of molyb- 
denum oxide shown in Fig. 2. 

Evidently it is necessary to conclude 
that there is some difference between 


cohesion between oxide and molybdenum 
is lower than that between carbide and 
molybdenum, or that the carbides coalesce 
upon heating for forging while the oxides 
do not. Data are lacking for full support of 
either postulate. 

Finally, it should be noted that since 
arc-cast molybdenum can be hammer- 
swaged with as much as 0.06 per cent 
carbon present, a highly precise end point 
in the deoxidation process is not essential 
to meet hot-working requirements. 


SUMMARY 


Two methods for melting and casting 
molybdenum have been described. In 
one method, the melting stock consists of 
pressed and sintered molybdenum bars; 
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in the other, loose molybdenum powder 
is used. 

The Jow-pressure alternating-current 
electric arc seems to be an efficient source 
of energy for melting molybdenum. 

Not more than one kilowatt-hour is 
required to melt and deoxidize one pound 
of molybdenum. 

Water-cooled copper will serve as a 
mold for casting molybdenum. 

The vacuum arc is adaptable to the 
making of molybdenum castings weighing 
at least 25 lb. The methods described 
herein appear to be capable of considerable 
extension as to casting size. 

‘Commercial grades of molybdenum 
must be deoxidized in the melting process 


-in order that cast molybdenum may be 


forgeable. 
carbon. 

Since the vacuum arc has been applied 
to the melting and casting of tungsten 
and molybdenum-base alloys, its general 
use in the preparation of the very refrac- 
tory metals merits consideration. 


A satisfactory deoxidizer is 
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DISCUSSION 
(D. L. Martin presiding) 


W. J. Krori* and A. W. ScutecuTent— 
The work of Mr. Parke and Mr. Ham is an 


* Consulting Metallurgist, Albany, Oregon. 
+ University of Missouri, School of Mines 


and Metallurgy, Rolla, Missouri. 


excellent contribution to our knowledge of 
the methods for forming molybdenum in 
particular, and it widens our horizon as to the 
possible application of vacuum methods in 
general, 

However, the idea of fusing refractory metals 
in a vacuum arc is by no means new and it is 
unfortunate that this article makes no refer- 
ence to previous devices and methods. In 
1903, von Bolton! developed a vacuum-arc 
furnace for the fusion of tantalum (mp 3030°C) 
and his process has been common practice in 
Germany for remelting scrap tantalum. The 
mold or form for the von Bolton furnace is a 
water-cooled nickel or copper block. Later 
Moore? used a vacuum arc to remelt uranium. 
Both these workers used glass for the outer 
shell of the furnace, and the construction was 
rather primitive. We* designed a furnace on 
the same principle for the fusion of titanium 
and zirconium (mp 1721°C and 1750°C, 
respectively) but built the furnace shell of 
metal and made some other improvements. 
The melting of tungsten in a vacuum-arc 
furnace is the subject of some elaborate pub- 
lications by Weiss.4 He used a_ horizontal 
vacuum-arc furnace with slightly sintered 
tungsten rods serving as electrodes and fused 
the tungsten in small droplets, which he col- 
lected for the examination of the properties of 
the metal. Hydrogen was introduced as a 
deoxidizing agent and his partial vacuum was 
15 mm Hg. He also used this method for the 
purification of zirconium-aluminum alloys® to 
obtain a high-grade zirconium. The great 
merit of the work done by Parke and Ham is 
their scale of operation and the perfection of 
details of construction that make the old idea 
workable in a semicontinuous fashion. 

In melting metals in vacuum arc some phe- 


1W. von Bolton: German Pat. 347024 
(1904) and 397641 (1905). Also Zésch. Elek- 
trochem. (1905) 11, 48. 

2R, Moore: Preparation of Metallic 
Uranium. Trans. Electrochem. Soc. (1923) 43) 
317-328. 

3W. J. Kroll: Ductile Titanium. Trans. 
Electrochem. Soc. (1940) 78, 35-47. Also 
Kroll, Schlechten and Yerkes: Ductile Zr from 
Zr Sand, Trans. Electrochem. Soc. (1946) 
89-129. 

Z Teo Weise: Uber des W metall. Zisch. anorg. 
Chem. (1910) 65, 328. 

5L. Weiss and E. Neumann: Darstellung 
und Untersuchung regulinischen Zr. Zésch. 
anorg. Chem. (1910) 65, 279-340. 
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nomena may occur which the authors probably 
encountered but did not mention, despite the 
fact that the construction of their apparatus 
evidently takes them into account. Most 
metals when struck by an arc in a vacuum 
literally explode into gas because of the high 
temperature produced at the point of impact. 
The temperature-pressure curve may be 
crossed, which is to say that all of the heat 
applied is consumed in the phase change from 
solid to gas, sometimes from liquid to gas. 
Few metals have at their triple point such a 
low vapor pressure that they can stand the 
impact of an arc without vaporizing. Fre- 
quently the experimental conditions are such 
that there is a local accumulation of the metal 
gas to such an extent that the temperature- 
pressure curve is not crossed and fusion can 
take place. Pressure may build up in a crater, 
as can be observed in any carbon arc, by the 
electrode material itself. The metal vapor 
pressure can be built up artificially by creating 
a kind of compression chamber, as was done in 
the present paper by using the long tubular 
mold shown in both diagrams. _ 

Other difficulties can be expected because of 
residual gas and because of the possibility of 
getting a gas discharge. The sparking voltage 
of hydrogen with tungsten electrodes, at the 
minimum of the pressure-voltage curve, is 
about 65 volts at o.55 mm Hg and for argon 
25 volts at the same pressure. This paper states 
that an alternative current of 63 volts was used, 
which probably was just below the range of 
gas discharge as far as the voltage is concerned. 
It is quite probable, however, that there were 
temporary outbursts of gas, which might have 
brought conditions close to the limits where 
gas discharge can take place in the furnace. It 
would be interesting to know whether such a 
phenomenon was observed occasionally. 

It seems questionable whether a vacuum of 
1.5 microns can be obtained with a stuffing-box 
device for the motor movement as shown in 
both diagrams. More reliable joints to intro- 
duce a movement inside a vacuum shell have 
been devised in which flexible bellows are used. 

We experienced some difficulties from the 
fact that copper has a much lower vapor pres- 
sure than zirconium, and if the arc strikes the 
copper by accident it is usually difficult to 
bring it back to the zirconium. Similar phe- 
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nomena may be encountered when fusing 
molybdenum. _ 

Another major difficulty was encountered 
when attempts were made to fuse zirconium on 
a water-cooled copper block with alternating 
current. We never succeeded in maintaining a 
steady alternating-current arc even with r1o 
volts and finally were forced to resort to direct 
current. Did the authors have the same trouble, 
and if so, how did they overcome it? Sug- 
gestions have been made to superimpose direct 
current to maintain the arc. 

There are advantages in employing direct 
current. The anode is hotter and the bath, if 
used as the anode, can more easily be main- 
tained in the liquid state. Arc welders with 
1500 amp capacity are available for such pur- 
poses and would supply a fairly large furnace. 

The authors state that copper does not 
readily weld to molybdenum. However, excel- 
lent welds can be made between molybdenum 
and copper under a vacuum or in hydrogen. 
We frequently observed welding between zir- 
conium and copper, and suspect that under 
certain conditions molybdenum would weld to 
the copper mold even though intensive cooling 
were applied. 

It is an astounding fact that molybdenum 
oxide remains undecomposed in a vacuum at 
the temperature of the arc. It is most curious 
that hydrogen acts as a deoxdizing agent 
under these conditions, since water vapor is 
largely dissociated at elevated temperatures. 
Have strong deoxidizing agents such as beryl- 
lium been tried? 


R. M. Parke and J. L. Ham (authors’ 


reply)—Messrs. Kroll. and Schlechten point 
out some of the difficulties in melting metals in 
vacuum arc and state that many metals liter- 
ally explode under the impact of an arc. This 
may be true of pure metals of very high vapor 
pressure at the melting point, such as man- 
ganese and chromium, but not of the more 
refractory metals, such as molybdenum. It is 
believed that often this violent evolution of gas 
and finely divided molten metal is due largely 
to the presence of excessive amounts of en- 
trapped or dissolved gases and impurities in 
the metal electrodes. 

By controlling the current density in the 
electrode it is possible, at least with molyb- 
denum and tungsten, to control the melting 
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process very nicely. Low current densities allow 
the metal to drip slowly and quietly from the 
electrode to the bath, whereas very high cur- 
rent densities cause the metal to spray from 
the electrode to the bath. This spraying would 
probably be accompanied: by some loss if the 
bath were not enclosed by the copper pipe. 

It is not necessary to provide a long, narrow 
chamber to obtain a high-metal-vapor con- 
centration at the arc. Melting proceeds norm- 
ally when the pipe is filled to within one inch 
of the top, and in fact can be accomplished in a 
large chamber with no retaining surfaces 
whatsoever. The pipe simply serves to control 
the shape of the ingot. Loss by vaporization 
must be very low when melting in the copper 
pipe, since it is not detectable by ordinary 
methods of weighing. 

As Messrs. Kroll and Schlechten point out, a 
gas discharge can be initiated between the hot 
electrode and the copper pipe at the operating 
pressures if sufficient voltage is applied. It is 
not necessary, however, to apply voltages 
higher than 30 volts at the very most, to supply 
the necessary pctential drop through the 
electrode and the arc. The value given, 63 
volts, was, as stated in the paper, simply the 
no-load voltage of the transformer. The 
measured arc voltage was usually about 20 
volts (Table 1). A no-load transformer voltage 
of 105 volts was also used in the bar-melting 
apparatus without occurrence of any gas 
discharge, even though the full 105 volts was 
applied before the arc was started. Since 
completion of this paper, however, it has been 
found that a gas discharge will sometimes occur 
between the very hot extruded bar of the 
powder-melting apparatus and the copper pipe 
if 105 volts is applied; i.e., if the power is 
turned on before contact is made between the 
electrode and the bottom of the casting cham- 
ber. This is unnecessary, of course. No dis- 
charge was ever encountered when 63 volts 
was used. 

There seems to be no tendency for the arc to 
strike the copper in preference to the bath. 
Any difficulty of this sort would be attributed 
to improper cooling of the copper. If the arc is 
drawn out too long it will go out or strike to 
molybdenum spattered on the copper pipe, 
rather than strike to the copper. This fortunate 
circumstance might not obtain if direct current 
were used. 
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So long as a sufficient current density was 
maintained, the ac arc was very steady. The 
current density has very little effect on the 
voltage drop at the arc and increasing the volt- 
age at the source of current would be of no 
value in stabilizing the arc, as long as the line 
resistance or inductance is sufficient to give 
the whole circuit a positive-resistance char- 
acteristic. The current source was such that 
no additional resistance was necessary for 
stabilization, 

It would indeed be astounding if pure 
molybdenum oxide remained undecomposed 
in vacuum at the temperature of the arc. But 
there is no reason to doubt that small amounts 
of oxygen, say 0.005 pct, whether combined or 
otherwise, can be held in solution in molten 
molybdenum at the pressure used, if no de- 
oxidizing agent is added. This oxygen shows up 
as a precipitated oxide in the solid ingot, 
indicating that the solubility in the solid state 
is very low. 

The mechanism of deoxidizing molybdenum 
with hydrogen in the vacuum arc is uncertain. 
It seems likely, however, that hydrogen is 
effective in this process because of the oppor- 
tunity of reducing the oxygen content of the 
hot-extruded bar before melting. 


G. F. Comstocx*—I should like to ask the 
speaker if he could tell us something about the 
method of maintaining the vacuum in view of 
this powder passing into the apparatus to form 
the electrode. It seems to me that would be very 
difficult. 


J. L. Ham—That would have been a 
problem some years ago, but recently vacuum- 
pumping equipment has been developed that 
is quite adequate to handle the quantity of gas 
given off in an apparatus of the size of ours. In 
fact, pumping equipment is available to handle 
considerably more gas than we have to deal 
with now. The pumps we used are quite con- 
ventional and consisted of an ordinary oil 
mechanical pump backing up an oil-diffusion 
pump. 

To maintain a lower pressure, it is necessary 
to use either larger pumps or purer raw 
materials. For a given pumping capacity, only 
a given amount of carbon monoxide can be 
handled at a given pressure. In other words, it is 


“* Titanium Alloy Mfg. Co., Niagara Falls, 
New York. 
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possible to use only a certain amount of oxygen 
in the molybdenum powder and still be able to 
maintain adequately low pressures. 


R. S. Dean*—Are we talking about mi- 
crons? 


J. L. Ham—We are talking about microns. I 
will give you an idea of the range of the pres- 
sures that prevailed in our experiments. In 
the first machine Mr. Parke showed on the 
screen, and in which we melted molybdenum 
bars, we were able, with fairly small pumps, to 
maintain the pressure throughout the operation 
as low as 134 or 2 microns; that is, 14 to 2 
thousandths of a millimeter. 

Of course, when we started to use the powder 
in the other machine, there was adsorbed gas 
and so forth present, and we were not able to 
maintain such low pressures. However, in our 
first powder machine, as we callit, we did quite 
frequently run at pressures as low as 200 mi- 
crons. If the pressure went up over 250, we 
usually ran into trouble. 

Looking ahead a little bit, it seems quite 
possible that equipment can be designed using 
presently available vacuum pumps to maintain 
pressures of around 10 microns, while melting 


* Washington, D. C. 


THE MELTING OF MOLYBDENUM IN THE VACUUM ARC 


powder at the rate of one pound to one and a 
half pounds per minute. 


R, S. DEAN—I wanted to know the vacuum 
used. All Dr. Schlechten said was that the 
vacuum was not outstanding. That was Dr. 
Kroll’s statement. _ 


A. W. ScHLECHTEN—On the gauge, it reads 
down to one micron. If we were able to do any 
better than that, we were not able to read it. 
You understand that in the operation of the 
furnace in the Bureau of Mines, the vacuum 
connects with the shut during the operation of 
the arc furnace, and I assume from the remarks 
of the authors that their vacuum pumps were 
working during the running, and so there is 
quite a difference. 


R. S$. DEAN—Did you actually melt pieces 
of titanium with the vacuum shut off? The 
volume of hydrogen would give you full 
pressure. 


A. W. ScHLECHTEN—If we attempted to 
melt the titanium so that we had a regular 
geyser inside the furnace, it was necessary to 
degas the material first and then melt that 
degassed material. 

There were not enough gases in the zir- 
conium to cause any difficulty, usually. 
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Spot Welding of Titanium 


By R. S. DEaNn* anv J. R. Lonc,t Mempers, E. T. Haves,f Junior MempBer AIME, ann D.C. 
Roott 


(Atlantic City Meeting, November 1946) 


Tue U.S. Bureau of Mines has recently 
reported on the development of a process 
for preparing pure ductile titanium in 
substantial quantities! and on the physical 
properties that may be attained in the 
metal, when consolidated by powder 
metallurgy methods and fabricated by 
certain hot and cold-working procedures.” 
The high physical properties (Table 1), 
combined with excellent corrosion resist- 
ance and light weight, will lead no doubt 
to appropriate applications of the metal. 
In any application, methods of joining 
will be of considerable importance. 

The relatively high activity of the 
metal toward the common gases raises 
the question of weldability and conditions 
that might be required for successful 
welding. Since hydrogen, oxygen, and 
nitrogen embrittle the metal, it should 
be protected from these gases at elevated 
temperatures. This was demonstrated by 
a few preliminary trials of arc, gas, and 
resistance welding. In these trials only the 
resistance method proved to be immedi- 
ately applicable. While atomic hydrogen 
welding of titanium may be successful 
in some instances, a considerable amount 
of development work will be required to 
prove its worth. In addition, it would 
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be suited only to small assemblies that 
could be heated subsequently in a high 
vacuum to remove embrittling hydrogen. 
Heli-arc methods likewise would be limited 
to small assemblies, which could be com- 
pletely protected by a helium atmosphere. 
It was quite apparent that titanium 
required more protection than was afforded 
by the normal flow of helium gas used for 
welding magnesium and aluminum. The 
hot metal is attacked by oxygen and 
nitrogen, and the rapid diffusion of the 
oxide into the metal prevents the formation 
of a protective coating and requires the 
helium atmosphere to be maintained 
until the weld has cooled nearly to room 
temperature. 

The preliminary work indicated that 
titanium could be successfully spot-welded 
without deterioration of the metal and 
that the microstructures of the welds 
were normal, exhibiting good bonding, 
and no oxidation. The high resistivity of 
titanium (53 microhms per cu. cm.) sug- 
gested that it would behave somewhat like 
stainless steel and allow considerable lati- 
tude in the several welding variables. 

The results reported here are intended 
to give a general picture of the effects of 
varying welding current, welding time, 
and tip pressure on single spot welds 
made on several different thicknesses of 
titanium sheet. The work was undertaken 
to demonstrate the feasibility of welding 
titanium rather than as an exhaustive 
study of spot welding. There are, there- 
fore, a number of factors that will require 
further investigation to establish the speci- 
fic controls required for actual applications. 
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EXPERIMENTAL WORK 


The welding was carried out on a 
standard 30-kva, 60-cycle a.c. spot welder 
equipped for control of squeeze time, 


3000 


2500 Pope. 
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oscilloscope, placed some distance away 
to avoid magnetic effects from the machine. 
Standard 1-in. diameter tips were used 
for all welds. Squeeze time and hold time 
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weld time, and hold time. Tip pressure 
could be controlled also by regulation of 
air pressure on the hydraulic ‘cylinder 


TABLE 1.—Properties of Metallic Titanium* 


: Cold- An- 
Properties worked nealed 
Tensile strength, psi........ 122,200 79,100 
Yield strength, psi.......... 64,000 
Proportional limit, psi...... 58,800 
Elongation, per cent in 2 in, 24.7 
Young's modulus, psi X 108, 16.8 
Hardness, Rockwell G...... 76 
Electrical resistivity, mi- 
GPOMIM PEL CM soap es ol areas 51 
Melting point, deg. C....... 
Density, grams per c.c...... 
Crystal structure up to 
880°C. + 20°C. hex. C.P.. = 4.73 


Above 880°OC°BC. Coc ed 


* Melting point and crystallographic data from 
de Boer’; all other values determined in Bureau of 
Mines laboratories. 
carrying the top electrode. Static tip 
loads were determined by measurement 
of the load produced by varying the air 
pressure on the cylinder. Welding currents 
were measured by a search coil wound 
on the lower electrode arm and read on an 
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Fic. 1.—SHEAR STRENGTH VS. SURFACE TREATMENT, 0.064-INCH TITANIUM SHEET. 
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of all welds were maintained at a constant 
value of 40 cycles (% sec). 

With the exception of a few welds 
involving surface condition, all tests 
were conducted on cold-rolled sheet, 
the specimen sizes varying with sheet 
thickness, as indicated in Table 2. The 
specimens were cut so that the long dimen- 
sion paralleled the direction of rolling 
of the sheet, and in making the welds an 
overlap equal to the width of the specimen 
was maintained. 


SURFACE TREATMENT 
While cold-rolled sheet can be welded 


readily without any particular cleaning — 


procedures, the appreciable oxide film, 
such as that formed on material hot- 
rolled at 500°C, acts as an insulator and 
must be removed to make spot welding 
possible. This film may be removed quite 
easily by pickling in 5 per cent HF or by 
mechanical methods, and _statisfactory 
welds can then be made. As the excellent 
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corrosion resistance of titanium undoubt- 
edly is due to the presence of a superficial 
oxide coating on its surface, it is evident 
that this film also forms at room tempera- 
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that such cleaning is of no great im- 
portance. This is of considerable interest, 
since aluminum,’ which also forms these 
oxide coatings, requires careful cleaning 


by 
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Fic. 2.—SHEAR STRENGTH VS. WELDING CURRENT. 


ture, and while it does not appear to be 
thick enough to prevent welding, never- 
theless it may cause partial interference. 
To check this, the first experiments were 
designed to test the effect of surface 
treatment. Welds were made on sheet that 
had been given the following surface treat- 
ments: (1) etching in 5 per cent HF, (2) 
mechanical cleaning with a wire brush and 
with abrasive papers, (3) vacuum annealing 
at 850°C. (Annealing at 850°C allows the 
oxide film present to be dissolved by the 
metal at this temperature.) Shear strength 
of welds made on specimens conditioned by 


‘these methods are compared with welds 


made on regular cold-rolled sheet in Fig. t. 
The welds were made on 0.064-in. sheet, 
using a welding time of six cycles and a 
tip pressure of 100 pounds. 

It is evident from Fig. 1 that these 
cleaning operations produced very little 
change in the strength of the weld made 
at any current value, thus indicating 


procedures to ensure removal of the oxide 
film prior to welding. Titanium apparently 
behaves more like stainless steels in this 
respect and can be welded without any 
especial surface preparation if only films 
formed at room temperature are present. 
Heavier films, such as those formed on 
treatment in air at 500°C and higher, will 
have to be removed of course before spot 
welding. 

All subsequent welding in the course of 
this work was performed on specimens 
in the cold-rolled condition without any 
special surface preparation. 


WELDING CURRENT 


The effect of varying welding currents 
was determined on sheet material of 
the thicknesses noted in Table 2, using 
a welding time of six cycles (0.1 sec) and a 
tip pressure of 100 lb. The welding time 
was arbitrarily chosen after preliminary 
work had shown that good welds could 
be produced in this time interval. The 


434 


tip pressure is rather low for the thick 
sheet but was selected to accommodate 
the thin sheet and because titanium 
rapidly loses in hardness on heating. Kroll 


a. 1800 amperes, 800 pounds. 
c. 2400 amperes, 1070 pounds. 
€. 3000 amperes, 1660 pounds. 
g. 3900 amperes, 2220 pounds. 


has shown that metal with a room-tem- 
perature hardness of 250 Brinell has a 
hardness of only 80 Brinell at 550°C. 
It was felt that this rapid softening would 
contribute to excessive indentation and 
expulsion of fusion metal at high current 
levels. 

The welding current was gradually 
increased from the lowest values at which 
actual welding took place to values 
at which the resultant welds showed no 
further increase in shear strength with 
increasing current. This latter point was 
not reached for the 0.064-in. sheet, and 
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it is apparent from Fig. 2, where shear 
strengths of the welds are plotted against 


welding current for each sheet thickness, 


that higher welding currents would produce 


Fic. 3.—EFFECT OF WELDING CURRENT ON TITANIUM SPOT WELDS. X 6. 


b. 2100 amperes, 1020 pounds. 
d. 2650 amperes, 1420 pounds. 
f. 3500 amperes, 1920 pounds. 
h. 4400 amperes, 2640 pounds. 


still higher shear strength. The data 
plotted are the averages obtained on from 
four to six welds in each condition. Greater 
numbers were not considered necessary, 
since the aim of the work was to obtain 
general data rather than to make a 
statistical study. Representative welds 
were sectioned and examined metallo- 
graphically to check weld structure, bond- 


ing, heat-affected zones, and penetration. 


The minimum current for welding the 
0.020-in. sheet, 980 amp, produced welds 
with an average shear strength of 130 lb. 
As welding current increased to 2000 amp, 
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the shear strength increased to 470 lb. 
On testing welds made at higher currents, 
the weld nugget peeled out; the strength, 
continued to 


however, increase as the 
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Fic, 4.—SHEAR STRENGTH VS. WELDING CUR- 
RENT CYCLES. 


current increased up to about 3000 amp. 
Indentation in all welds was small, ranging 
up to about 5 per cent at the highest 
current values. No appreciable expulsion 
of metal from the weld zone was noted 
in the current range used. 


TABLE 2.—Dimensions of Shear Test 
Specimens 
INCHES 
Sheet Thickness Width Dene week 
0.020 5g 3 
0.040 34 ; 
0,064 11g 5 


The tests on o.o40-in. sheet produced 
similar results. The minimum welding 
current of 1200 amp produced welds with 
a shear strength of 470 lb. The strength 
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increased to 1270 lb in welds made at 2800 
amp before the weld nugget began to 
peel out on testing. With higher currents 
the strength continued to increase, leveling 


Fic. 5.—EFrFECT OF WELDING TIME ON TI- 
TANIUM SPOT WELDS. X 6. 
a. 3 cycles, 1190 pounds. 
b. 8 cycles, 2180 pounds. 
c. to cycles, 2560 pounds. 
d. 15 cycles, 2560 pounds. 
e. 20 cycles, 3140 pounds. 


off at 1450 lb for welds made at 3500 amp 
and above. 

Welds in the 0.064-in. sheet required a 
minimum current of 1800 amp and showed 
a shear strength of 800 lb. The strength 
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increased to 2640 lb in welds made at 
4400 amp without peeling out of the weld 
metal. Welds in this sheet in the current 
range explored showed no sign of peeling 
out on testing. 


SHEAR STRENGTH- POUNDS 


600 
WELDING PRESSURE (TIP) POUNDS 
Fic. 6.—SHEAR STRENGTH VS. WELDING 
PRESSURE. 


Macrographs of representative welds 
made with increasing currents on 0.64-in. 
sheet, are given in Fig. 3. They illustrate 
the increase in size of the heat-affected 
area, the growth of the fusion zone, and 
the relatively small indentation encountered 
in this series of tests. For convenience, 
the welding current and the average shear 
strength of welds at this current are noted 
under each picture. The penetration of 
the fusion zone is not easily recognized 
in the first three welds but is clearly 
outlined in the others. Penetration was 
determined by measurement under the 
microscope and is negligible at 1800 amp, 
about 40 per cent at 2100 amp, 70 per cent 
at 2400 amp and 85 to 90 per cent in the 
others. 

In the range of current values used no 
expulsion of metal from the fusion zone 
was encountered, and all welds were quite 
sound and free from gas pockets. It is 
also evident from these structures that 
the upper limit of welding currents for 
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this size sheet has not been reached in 
this series. 


WELDING TIME 


The effect of welding time on shear 
strength is shown in Fig. 4. In this series 
of tests, the pressure was again main- 
tained at 100 lb and the current set at 
the values that produced a high shear 
strength without peel-out of the weld 
metal in the previous series of welds. 
It was necessary to allow some latitude 
for increase of weld current with welding 
time, so maximum strengths were not 
chosen. In welding the 0.020-in. sheet, 
welding current ranged from 1500 to 
2000 amp; for the o.o40-in. sheet, from 
1600 to 2100 amp; and for the 0.064-in. 
sheet, from 2800 to 3400 amp. The current 
settings of the machine were kept con- 
stant for each sheet thickness, and the 
variation that occurred resulted from 
increased welding time. 

The curves of Fig. 4 show a general 
increase of shear strength with increasing 
welding time. This is most evident in the 
welds of the 0.064-in. sheet. The shear 
strength of welds in 0.020-in. sheet does 
not change significantly with increasing 
welding time, indicating that little is 
to be gained by the longer time. Welds 
in o.040-in. material increase in shear 
strength with increasing weld time, the 
greatest increase taking place in the range 
of 3 to ro cycles (0.05 to 0.17 sec). Welds 
in 0.064-in. sheet increase considerably 
in shear strength over the entire range of 
welding time used. The greatest increases 
occur up to to cycles (0.17 sec), but the 
curve is-still climbing rapidly at 20 cycles, 
where the shear strength exceeds 3000 
pounds. 

The effect of increasing welding time 
on the structure of welds in 0.064-in. 
sheet can be observed in Fig. 5. The weld 
area increases considerably and at 20 
cycles is more than twice as large as at 
3 cycles, The penetration also increases 
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rapidly. It is negligible at 3 cycles, about 
85 per cent at 8 cycles, and 95 per cent 
at 10, 15, and 20 cycles. At 15 and 20 
cycles, the indentation increases to ro or 
15 per cent and the sheets are separated 
by displacement incident to this indenta- 
tion. No expulsion has occurred in this 
series. 


EFFECT OF PRESSURE 


The effect of weld pressure is shown in 
Fig. 6. These welds were made with a 
weld time of 6 cycles and the same current 
settings of the welding machine as used 
in the welding-time study. Shear strength 
of the welds in 0.020-in. sheet decreased 
somewhat as the weld pressure increased 
from too to 700 lb. The shear strength of 
welds in o.o40-in. sheet showed no sig- 
nificant change with this range of pressure. 
The welds in 0.064-in. sheet, however, 
increased in shear strength with increasing 
pressure. It is evident from these tests 
that lower pressures would be more 
desirable in the thin sheet, that too lb 
is about right for the o.o40-in. sheet, 
and that higher pressures could be used 
in the thick sheet with an advantage in 
weld strength. 

Macrographs of the welds on 0.064-in. 
sheet made with increasing pressures 
are shown in Fig. 7. They indicate that 
there is very little change in the weld size 
and structure with welding pressure in 
welds made at these current values and 
welding times. Penetration varies irregu- 
larly between 75 to 85 per cent and 
indentation does not exceed 2 to 3 per 
cent. 


DISCUSSION OF RESULTS 


Since all of these welds were made with 
one size of tip (3é-in. diameter), it is 
not possible to make a direct comparison 
between these results and acceptable 
values of shear strength in other materials. 
The American Welding Society® recom- 
mends tip sizes of 0.138, 0.178, and 0.224 
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in., respectively, for the three thicknesses 
of sheet used here. In the 0.064-in. sheet 
this would provide a tip area almost 
three times that of the tip used and un- 


Fic. 7.—EFFECT OF PRESSURE ON TITANIUM 
SPOT WELDS. X 6. 
a. 220 pounds, pull 1800 pounds. 
b. 370 pounds, pull 1980 pounds. 
c. 500 pounds, pull 2070 pounds. 
d. 600 pounds, pull 2160 pounds. 
é. 715 pounds, pull 2300 pounds. 


doubtedly would produce greater strengths 
in the welds. It would also affect the 
minimum welding current and penetration. 

A rough comparison, however, can be 
made with the requirements placed on 
other materials by spot-weld specifications. 
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This comparison is made in Table 3, 
where the specification requirements for 
aluminum, magnesium, and steels in the 
Army Air Force specifications are given.® 
The titanium welds selected for com- 
parison had the highest shear strength 
without peel-out of the weld nugget. 

The shear strength of titanium welds 
is considerably greater than the values 
required in light metals and their alloys, 
and is about the same as steel of com- 
parable strength. Although the penetration 
of the weld on 0.064-in. titanium sheet 
exceeds the allowable 80 per cent, this 
could be remedied undoubtedly by using 
the proper size of tip to give greater 
strength and lower penetration. 


TABLE 3.—Comparison of Titanium Spot- 
weld Strengths with Common Alloys 


Minimum Required Shear Strength? 


2U.S. Army Air Force Specification No. 20011-D. 
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Plastic Deformation in Metal-powder Compacts 


By Ropert Kamm,* Morris STEINBERG,* STUDENT MEMBERS, and JoHN Wutrr,t 
MemBer AIME 
(New York Meeting, March 1947) 


In powder metallurgy it has often been 
observed that shrinkage may occur in one 
direction and growth in another during 
sintering. Even in long-time sintering 
experiments the rate of shrinkage may be 
different in different parts of the compact. 
In the fabrication of some parts requiring 
a constant permeability it is even ques- 
tionable in some cases whether pressing 
from one direction should be attempted. 
These observations require for their inter- 
pretation a more detailed study of green 
or pressed density than has heretofore 
been available. Usually average density 
measurements of the whole compact are 
made and in some cases carefully cut 
sections are measured. 

A different approach to the problem was 
first mentioned by Rakowski! and also 
used by Balshin.? Balshin’s diagram is 
reproduced in Fig 1 and schematically 
shows the result of pressing three layers of 
metal powder with fine intervening layers 
of graphite. The retarding effect of the 
die walls and a qualitative example of the 
density distribution is evident. 

More quantitative information about the 
distribution of density within a cold- 
pressed powder compact would be useful 
in showing the variation in density in 
compacts as influenced by the type of 
powder, shape of die, lubrication during 
} Manuscript received at the office of the 
Institute Nov. 6, 1946. Issued as TP 2133 in 
METALS TECHNOLOGY, February 1947. 

* Graduate Student, Massachusetts Insti- 
tute of Technology, Cambridge, Massachusetts. 

{ Professor of Metallurgy, Massachusetts 


Institute of Technology. 
1 References are at the end of the paper. 


the process, and other variables. Further- 
more, information about the cracking of 
cold-pressed compacts may be obtained 
from an analysis of the stress distribution 
within a powder compact, and some in- 
formation about the stress distribution can 
be obtained in turn from the density 
and strain distributions. A more detailed 
report on some of the present experiments 
appears in reference 3. 


PRESENT INVESTIGATION 


In order to ascertain the density gra- 
dients in cold-pressed metal powders, a 
deformable lead grid within the powder 
was employed. After pressing in cylindrical 
dies the ejected compact was radiographed, 
giving a pattern of the deformed grid. 
From the radiograph density and deforma- 
tion from point to point is readily measured. 
From the radiograph strain distribution 
and stress trajectories were also deter- 
mined. The latter also permits the deter- 
mination of the coefficient of friction at 
the die wall. This technique indicates that 
the densest part of a compact pressed from 
one side is at the top outer circumference 
and the least dense region at the bottom 
circumference near the stationary plunger. 
For some heights of compacts the density 
at the axis is such that the lower density 
is at the top rather than at the bottom. 
So irregular a density distribution is due 
primarily to die-wall friction. As the 
ratio of diameter to height of compact is 
increased the die walls play a correspond- 
ingly smaller role. More uniform density 
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throughout the compact, especially where 
the height is greater than about half the 
diameter, is possible only for equivalent 
pressures if the die walls are carefully 


FIG 1—VARIATIONS OF DENSITY IN POWDER 
compact. (After Balshin.) 


finished and lubricated. Interparticle lubri- 
cation is relatively unimportant. 


Experimental Procedure 


A modification of the Rakowski-Balshin? 
method of pressing layers of metal powder 
was first used, and several compacts were 
made of iron powder pressed in layers. 
Each layer was pressed lightly to level it, 
a little copper powder was then sprinkled 
on it, and successive layers were then 
added. Following cold-pressing, the layers 
could be separated with a knife. The 
results in general agree with the representa- 
tion of Fig 1. 

Since exact measurement of the curved 
layers was difficult, an X-ray method of 
density determination was next used. A 
cold-pressed cylindrical compact was first 
carefully sawed into slices, with a thin 
milling cutter, and each slice in turn was 
radiographed. A Kipp recording micro- 
photometer was employed to convert 
radiographic film density into metal- 
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powder density. Some of the results 
obtained on variation of densities in 
pressed and sliced compacts has already 
been published.‘ 


Fic 2—LEAD GRID USED IN PRESENT WORK. 


The lead-grid method of density deter- 
mination was followed in the majority of 
the experiments reported in this paper, 
since it was more convenient than either of 
the methods mentioned above. A thin 
sheet of pure lead was first punched to 
form a rectangular network with rec- 
tangular holes. The grid was then carefully 
etched with nitric acid to remove all 
asperities. The grid was then carefully 
inserted into a die and the powder poured 
around it to the height of the grid or a 
little higher. During the process of cold- 
pressing, the lead grid moves downward 
and because of its great deformability it 
follows closely the downward descent of 
the adjacent powder. The position of the 
lead grid in the compact after pressing 
can be found by radiography of the com- 
pact. With thin-walled dies the entire 
assembly can be radiographed and the 
lead grid readily distinguished. Fig 2 
shows a representative lead grid before 
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use, and Fig 3 shows radiographs of a 
series of o0.560-in. diameter compacts 
pressed with lead grids. 

The experiments reported here were 
carried out with high-chromium high- 
carbon cylindrical dies for pressing com- 
pacts of 1.125, 0.560, and 0.259 in. in 
diameter, respectively. In all cases of 
pressing in these circular dies the lead- 
grid lines originally parallel to the axis 
of the die remained practically parallel to 
the axis of the die after pressing, which 
permits great simplification in the mathe- 
matical treatment of the pressing process. 
_In the compaction of a metal powder 
in a cylindrical die the conditions of axial 
rotational symmetry are fulfilled, therefore 
a plane grid placed across the diameter 
and in the axial direction affords a means 
for a complete analysis of the pressing 
process. 

From the grid coordinate system one 


can measure the strain in the axial direc- 
ado — 


a 
*, and the strain 
defined as 


tion €2, defined as 


in the 
ao — bi 

ao 
of a grid square and a; and 3, are its final 
dimensions. 

From the distortion of the grid, the 
angle of distortion or skew angle 6 can 
be measured, and from this angle the 
additional shear displacement present 
can be computed. Since the physical change 
that takes place in the compaction of a 
metal powder is a decrease in volume, the 
equation 


radial direction ¢,, 


- Here dp is the initial edge length 


AV 
és t+é+ & = ee 


representing the fractional change in the 
initial volume, can be written. This can 
be further written as 


ete +e = 


Po — P1 Ap 
Pi Pi 


which is the fractional change in final 
density. 


This will hold true if the following con- 
ditions are fulfilled: 

1. The density (apparent density) before 
compression after filling the die is uniform 
throughout the poured material. 

2. Initially the grid extends from the 
top to the bottom of the powder and is 
placed across the diameter of the die 
parallel to the axial direction of the 
cylindrical die. 

3. The grid during compaction follows 
the flow of the powder and must of neces- 
sity be made of a softer material than the 
powder. 


Density Distributions 


A series of measurements was made to 
determine the effect of pressure on the 
density distribution in cold-pressed metal- 
powder compacts. Carbonyl iron powder 
(type L, General Aniline and Film Co.), 
with 80 pct of minus 325-mesh size, was 
used in a die of 0.560-in. diameter. The 
height of the powder was the same before 
pressing (0.55 in.) for the four specimens, 
and the pressures of 16, 32, 48 and 64 tsi 
were used. The specimens were numbered 
S-66, S-68, S-69, and S-70. The average 
densities of the compacts after pressing 
were 5.15, 6.00, 6.25, and 7.18 grams per 
cubic centimeter, respectively (or 65.6, 
76.4, 79.6, and 91.4 in per cent of solid 
density). Reproductions of the radiographs 
of these specimens are shown in Fig 3. 

The following is immediately discernible 
from the photographs: 

1. The die-wall friction has a retarding 
effect on the flow of the metal powder 
during the compaction stage. Therefore, 
the iron powder flows faster in the middle 
of the compact than at the sides. 

2. The powder moves essentially in a 
vertical direction, with little lateral move- 
ment. Vertical movement is shown by 
straight, vertical lead lines in the radio- 
graphs. Slight irregularities occur in this 
work, and to average them out the den- 
sities given by the left-hand side of a 
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lead grid are averaged with the densities 
shown in the right-hand side of the grid. 
Further work is planned to show the 
significance of the apparent bulging of the 
vertical grid lines, which can be seen in 


Fic 3—REPRESENTATIVE RADIOGRAPHS OF 
PRESSED COMPACTS CONTAINING LEAD GRIDS. 


the lowest grid of Fig 3a. This phenomenon 
becomes noticeable at the highest pressures 
used, and it is not noticeable in Fig 3 
and in Fig 9. 

3. Since there is no radial movement of 
powder, the strain in the radial direction 
must be ¢, = o and in axial rotational sym- 
metry e, = o. Thus, the equation 


PET ie ers [1] 
P1 


where €, is axial strain, 
Ap is the change in density at a 
point, 
€, is radial strain, 
€, is tangential strain, 
po is the original density, 


becomes €, = ~ = Ol 
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Measurement of the axial strains through- 
out the compact thus determines the den- 
sity at every point in the compact. 

Since there is axial rotational sym- 
metry in the compact, opposite stream- 
lines on each side of the center axis of the 
compact should yield the same results, 
and in the measurements made any small 
differences were averaged so as to preserve 
this rotational symmetry. Densities usually 
are plotted in terms of percentage of solid 
density of the metal or combination of 
powders used. 

Figs 4, 5, 6 and 7 are the plots of the 
density distribution found in specimens 
S-66, S-68, S-69, and S-7o. The lines 
numbered 1 through 5 give the density 
distributions across the centers of the 
various curved sets of squares on the radio- 
graphs. Therefore, this density distribution 
is not a horizontal measure, but is along 
curved lines connecting the centers of 
each horizontal line of squares. 

From Figs 4, 5, 6 and 7, we find that: 

1. A density maximum exists at the 
top edges of all compacts. 

2. The lowest density in all compacts 
exists at the bottom edges. 

3. The density near the cylindrical 
surfaces of the compact decreases in 
general with height from top to bottom. 

4. The density at the bottom in the 
center of the compact is greater in these 
four cases than the density near the top 
at the center. 

5. With increasing compacting pressure 
the average density of the compact in- 
creases, but the variation in density 
throughout the compact also increases 
(in this series of experiments). 

A second similar series of compacts of 
carbonyl iron powder was made with the 
same compacting pressures as before, but 
using an increased height of compact. 
The height before pressing was 0.910 in., 
giving an initial height to diameter ratio 
of 1.65 to 1 instead of 1.0 to 1. The density 
distributions in these compacts were 
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analyzed and the following additional 
conclusions were drawn: 

1. Lower pressures give a more uniform 
density distribution. 

2. With an increase in pressure or height, 
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density variations increase. This is true 
up to 64 tsi, but with higher compacting 
pressures it is expected that density varia- 
tions will decrease, since solid density is 
approached. 
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Fic 4—DENSITY DISTRIBUTION OF COMPACT S-66. 
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Fic 5—DENSITY DISTRIBUTION OF COMPACT 
S-68. 
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Fic 6—DENSITY DISTRIBUTION OF COMPACT 
S-69. 
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A second series of compacts was pressed 
at the same compacting pressures used 
in the first series, but the initial height was 
increased to 0.91 in. Fig 3a is the reproduc- 


STREAMLINE NO. 
I Te 


Tse se SME 


PERCENT OF SOLID DENSITY 


A] i 3 4 A) 
DISTANCE ACROSS DIAMETER 
IN INCHES 


SPECIMEN. NO 70 s 
PRESSURE-64 TONS PERINCH 
POWDER CARBONYL IRON TYPE L 
APPARENT DENSITY 2.64 GRAMS PERC( 
HEIGHT BEFORE PRESSING .55 INCHES 


Fic 7—DENSITY DISTRIBUTION OF COMPACT 
S-70. 


tion of the radiographs of the series of 
samples. The density distribution and 
results obtained were similar to those 
obtained in the first series of samples. 

One similar compact was pressed from 


the same powder with an initial height of . 


1.10 in. and a compacting pressure of 
43 tsi. The density-distribution plot of 
this compact, No. S-71, is shown in Fig 8. 
From this plot it is evident that with a 
further increase in height the density 
variations from top to bottom of the com- 
pacts are so great that the density of the 
compact at the center of the base is no 
longer greater than the density at the 
top center, as was true of all compacts of 
the present series with a height-to-diameter 
ratio of less than 2 to 1. Specimen S-71 
gave an excellent radiograph, which is 
reproduced here as Fig 9. 

The effect of die diameter was next 
investigated. Specimens S-80, S-43, and 
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S-44 were made from carbonyl L iron 
powder and pressed in a die of 1.125-in. 
diameter with a pressure of 24 tsi. The 
initial height-to-diameter ratios were 0.56 
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Fic 8—DENSITY DISTRIBUTION OF COMPACT 
S-71. 


Fic 9—RADIOGRAPH OF COMPACT S-71 CON- 
TAINING LEAD GRID. 


to 1, 1.1 to 1, and 1.33 to 1. The density 
distributions were worked out and plotted, 
and the following conclusions were drawn: 

1. An increase in die diameter yielded 
a more uniform density distribution for 
the same height-to-diameter ratio. ; 

2. The effect of side-wall friction was 
decreased. 
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3. An increase in height causes a greater 
variation in density, as before, but the 
variation is not so severe as for the 0.560-in. 
diameter die, considering compacts of the 
same height-to-diameter ratio. 
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compacts free of cracks, and’ the lead-grid 
method could not be used. 

The lubrication used and the type of 
die-wall surface are both important factors 
in pressing powdered-metal compacts with 


COMPACT NO 36-300 MESH NICKEL NO LUBRICANT 
APPLIED PRESSURE AT 30TS.I. 
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Fic 10—DENSITY DISTRIBUTION OF COMPACT K-36. 


One compact was made from the same 
carbonyl L powder in a small die of diam- 
eter 0.259 in. The pressure was 30 tsi 
and the initial height to diameter ratio 
was 2.5 to 1. In this case the effect of the 
proximity of the walls is quite severe and 
the compact density falls off more rapidly 
with depth from the top of the compact 
than it did for the compacts of larger 
diameter. 

To investigate the influence of the 
powder used, several other types of iron 
powder were used: coarse electrolytic 
iron powder, reduced iron oxide powder, 
fine electrolytic iron powder, and hard 
carbonyl iron powder type SF. With all 
except the one last mentioned the results 
were essentially the same as described 
for the variation in density distribution 
with pressure, compact height and diam- 
eter. With hard carbonyl iron powder, it 
was impossible to produce self-sustaining 


a minimum of density variation. To 
investigate these effects a series of experi- 
ments was carried out using nickel powder 
(Hardy Metallurgical Co., minus 300-mesh, 
mechanically disintegrated cathodes). The 
compacts were all made in a 1.125-in. 
diameter die and they were planned to 
have a height of about one inch after 
pressing, the initial height to diameter 
ratio being about 1.45 to 1. 

As a control sample one compact was 
made with no lubrication of the powder 
or of the die walls. The sample was num- 
bered K-36 and was pressed with 30 tsi 
pressure. Fig 10 shows the density dis- 
tribution obtaining in compact K-36, 
the abscissa representing distance in 
millimeters from the axis of the compact 
and the ordinate representing the density 
in per cent of the solid density of nickel, 
8.9 grams per cubic centimeter. This dis- 
tribution for nickel is quite similar to the 
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previously diagrammed distribution for 
iron powders in a 1.125-in. diameter die, 
in that the density at the center of the 
bottom is higher than that at the center of 


the top. 
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test. Fig 11, diagramming the density 
distribution in this case, shows that there 
is a further decrease in density variation 
throughout the compact, and that stearic | 
acid seems to be a better lubricant than 
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Fic 11—DENSITY DISTRIBUTION OF COMPACT K-37. 


Compact K-37 was pressed in the same 
die at the same pressure, but to the nickel 
powder was added o.5 pct by weight of 
fine graphite powder. This corresponds to 
1.95 pct of graphite by volume. The graph- 
ite was thoroughly mixed with the nickel 
by tumbling for 24 hr. Fig 11 shows the 
density distribution obtained with graphite 
lubrication of compact K-37. Aside from 
a small decrease in the pressure variation 
along the axis of the compact, there is 
little advantage to o.5 pct graphite 
lubrication. 

Compact K-39 was pressed in the same 
way as compact K-37, but instead of 
graphite 0.18 pct by weight of stearic acid 
was added to the powder by evaporation 
from benzene solution. This corresponds 
to 1.95 pct by volume of stearic acid, 
which is the same volume per cent as was 
used of graphite powder in the preceding 


graphite. However, the method of applying 
the lubricant to the powder may have some 
influence. Since, of course, the graphite 
could not be evaporated from solution, 
the graphite may not have been applied 
as effectively. 

The effect of painting stearic acid on the 
die walls was much greater than the effect 
of adding stearic acid throughout the 
powder. For compact K-38, 50 mg of 
stearic acid was painted on the die walls 
and plungers before the lead grid and 
nickel powder were added. The stearic 
acid was in benzene solution and the 
benzene evaporated after the painting. 
Fig 13, which shows the variation in — 
density in compact K-38, shows the high 
densities obtained by this means; wall lub- 
rication appears to be the most important 
method used to get a uniform and high 
density in a compact of given diameter and 
height. Most of the compact was within 
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the density range from 70 to 80 pct of 
solid nickel density. 

The influence of wall lubrication points 
out the great importance of the coefficient 


the die does not move with respect to the 
die. Double pressing, in which both the 
top arid the bottom plungers move with 
respect to the barrel of the die, can be 


COMPACT NO 39-300 MESH NICKEL WITH 0.18% 
STEARIC ACID IN POWDER ONLY 
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Fic 12—DENSITY DISTRIBUTION OF COMPACT K-39. 
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Fic 13—DENSITY DISTRIBUTION OF CoMPACT K-38. 


of wall friction and the great importance 
of wall finish. A ground and carefully 
polished die interior wall can be expected to 
give much more uniform compacts than a 
die wall that has been finish-ground only. 
All of the completed experiments re- 
ported here have been carried out by single 
pressing, in which the bottom plunger of 


expected to give compacts double the 
length of the ones made here, with the 
same variation in density. The density 
variation in the lower half of the compact 
would result in a mirror image of the 
density variation in the upper half. 

The curves showing density distribution 
reproduced here are drawn through the 
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experimental points, to illustrate the 
points belonging to each curve. More 
accurately, the curves would be smoothed 
out more than they are in the diagram 
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have taken place in the compaction 
process. ie 
Siebel and Hiihne® have shown how the 


principal strains and stresses can be deter-- 
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Fic 14—NoTATION USED FOR ELLIPSOID OF DEFORMATION, 


herewith, taking cognizance of the prob- 
able error of the measurements. This 
probable error is estimated as 3 pct of 
solid density. 


Determination of Strains and Stresses 


The density distribution can be cal- 
culated from the measurement of the 
axial strain, as has been done in the fore- 
going discussion. At any point away from 
the axis of the cylinder this axial strain 
is not a principal strain. As can be seen 
from the radiographs, an additional shear 
displacement has taken place, which is 
particularly noticeable near the die walls; 
and in order to obtain an insight into the 
entire deformation, it is necessary to 
determine the principal deformations that 


mined in the wire-drawing process with the 
use of a grid system. This type of analysis, 
with slight modifications, has been applied 
to the cold-pressing of metal powders. 
The deformation of a grid element, which 
is any one of the squares of our grid, can 
be resolved into two deformations, one 
normal to the boundary surfaces of the 
element, the other the additional shear. 
As Siebel has pointed out, if the element 
is so selected that two opposite limiting 
surfaces lie perpendicular to a direction of 
principal stresses, as when a limiting surface 
lies in a plane of symmetry, the. shear 
deformations are possible only in the planes 
that are normal to the limiting surfaces. 
Therefore, the addition of shear deforma- 
tion to the compression of each particle 
away from the center streamline produces 
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a total deformation, which differs in mag- 
nitude and direction from that of a particle 
at the center streamline of the compact. 

A sphere may be inscribed within a 
small cube bounded by the planes of an 
orthogonal coordinate system (in this 
case a cylindrical coordinate system). 
After simple compression this sphere 
becomes an oblate spheroid, and after 
an additional shear deformation the figure 
becomes an ellipsoid whose principal axes 
designate the principal strains the material 
has undergone, when compared with the 
length of the same axes before the strain 
occurred. The directions of the principal 
axes of the strain ellipsoid give the direc- 
tions of the principal strains. Fig 14 shows 
these relations and shows the notation 
used in the following equations for the 
principal strains. The length and directions 
of the axes of the strain ellipsoid can be 
calculated from the relations between the 
conjugate diameters. Accordingly, 
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One compact of iron powder was 
pressed with a different type of lead grid. 
Instead of rectangular holes punched in a 
lead sheet, circular holes were made, so 
that the ellipses of strain (in two dimen- 
sions) might be evident. The directions 
of the principal compressive and the 
principal tensile strains can readily be 
seen from the enlarged radiograph re- 


Fic 15—RADIOGRAPH SHOWING APPROXIMA- 
TION TO ELLIPSOIDS OF DEFORMATION. 
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and the acute angle with the major principal axes of the ellipsoid of deformation 


is given by 
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The deformations in the three principal 
directions are then given in logarithmic 
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Thus by the calculation of the principal 

diameters of the ellipsoids of deformation, 

one is able to calculate the principal strains 
and their directions. 


produced as Fig 15. 

Knowing the directions of the principal 
strains at every point in the compact, it is 
possible to draw the stress trajectories, 
since the directions of principal stresses 
must be in the directions of the principal 
strains. The distribution of principal strains 
in compacts S-66 and S-7o (for density 
distributions see Figs 4 and 7) was deter- 
mined, and the results are plotted in 
Figs 16 and 17. These plots show that the 
maximum compressive strain occurs in 
streamlines I and VI (at the outer edges 
of the lead grid used) near the top of the 
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Fic 16—PRINCIPAL STRAINS IN COMPACT S-66. 
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compact, and the minimum compressive 
strain occurs in these same streamlines 
near the bottom of the compact. There 
is not as much variation in the other 


SPECIMEN S-66 
PRESSURE 16 TS! 


SPECIMEN S-70 
PRESSURE 64 TSI 
Fic 18—DIRECTIONS OF PRINCIPAL STRESSES 
IN COMPACTS S-66 AND S-7o. 


streamlines. In general, the principal tensile 
strains are small in magnitude and fairly 
uniform throughout the compacts. 

The directions of the principal strains, 
and hence of the principal stresses, are 
shown in Fig 18. From these directions 
the stress trajectories may be drawn as 
shown in Fig 19. The horizontal family of 
curves, labeled “‘S, family” is drawn first 
and then the S; family of curves is drawn 
at right angles to the first set. The Ss 
family of curves cannot be drawn in two 
dimensions; they would intersect the S; 
and S2 curves at right angles. In the figure 
the dotted lines represent tracings of the 
lead grids used in the compacts; the solid 
lines, the stress trajectories. 

From these tracings it can be seen that 
the directions of stress shown by the fami- 
lies of curves S; and Se are not the same 
at the die wall as they are at the center 
of the compact. It can also be seen that 
the change in direction for both families 
is greatest near the top edges of the 
compacts. 

The appearance of the stress trajectories 
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and the strain curves suggests that failure 
of a compact, when it occurs during press- 
ing, should be in the form of a conical 
fracture. This type of conical fracture 
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FIG 19—TRAJECTORIES OF PRINCIPAL STRESSES 
IN COMPACTS S-66 AND S-7o. 


has been observed. 

Additional information that can be 
obtained from these stress trajectories is 
the coefficient of friction between the die 
wall and the compact. If stress trajectories 


TABLE 1.—Coefficients of Friction 


Specimen No. S-66 Specimen No. S-70 


Stress : Stress . 
: Coefficient : Coefficient 
neg CTY! of Friction ed of Friction 


of the family Sz are numbered from the 
top to the bottom of the compact, the 
coefficients of friction at their points of 
intersection with the edge of the compact 
are as shown in Table 1 for specimens 
S-66 and S-7o. 

Taylor,® in his study of the side friction 
encountered in the consolidation of clay 
samples in brass dies, assumes that the 
coefficient of friction of the clay samples 
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against the die wall is a constant. He 
derives from this assumption and the 
assumption of uniform stress distribution 
on each horizontal cross section of the soil 
sample an exponentially decreasing func- 
tion that represents the vertical normal 
stress, assumed to be a principal stress. 
By measuring the force applied to the top 
surface of a compact and the pressure 
that the bottom surface of the compact 
applies to the bottom plunger, one can 
determine the two unknown constants of 
the exponential function. Then the vertiéal 
normal stress is given at any point in the 
compact. 

The method of slicing a single-pressed 
compact and determining the decrease in 
density of the slices from top to bottom 
was reported by Seelig and Wulff.8 It 
does not give accurate enough results on 
the decrease of the vertical normal stress 
as the slicing progresses toward the bottom 
of the compact to compare it with the 
hyperbolic relation to be expected on 
Taylor’s assumption of a constant coefti- 
cient of friction. 

The actual force exerted by the pressed 
powder compact on the bottom plunger 
of the die has been measured in an interest- 
ing manner by H. Unckel.? He placed 
some iron bottom pieces on his dies, 
separated by hard steel balls. By calibra- 
tion the force exerted on the balls could be 
determined by the size of impression they 
made in the steel parts they touched, 
as in the manner of a Brinell impression 
calculation. Thus he knew the force exerted 
on the top plunger of the die and the 
fraction of that force that “got through” 
the powder to the bottom plunger, and 
also the fraction of the force “diverted” 
by friction to the outer cylinder of the die. 
The fraction of the total force “diverted” 
to the outer cylinder ranged from about 
15 to 80 pct in the various compacts 
pressed. No information about the rate of 
decrease of vertical normal stress is given, 
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so that a comparison with Taylor’s 
exponential decrease cannot be made. 
The information given by compacts 


aarees 


S-66 and S-7o listed above shows that the 


coefficient of friction is far from constant. 
This may be because the die-wall surface 
is rougher at the top of the die, or because 
the powder surface has changed more at 
the top of the compact by being cold- 
worked during the process of pressing, 
but, on the other hand, the actual coeff- 
cient of friction may not remain constant 
with greater applied loads on the same 
slipping surface. More work is needed 
to clarify the question of die-wall friction, 
although the present research shows that 
die-wall friction is the most important 
factor controlling the distribution of 
densities and stresses in the entire process 
of cold-pressing of metal powders. 


Conclusions 


1. The use of a deformable lead grid 
within powdered-metal compacts gives 
very satisfactory results for the measure- 
ment of density distribution within metal- 
powder compacts. 

2. The densest part of a compact 
pressed from one side is at the outer cir- 
cumference at the top (near the movable 
plunger), and the least dense part of a 
powdered-metal compact is at the bottom 
(near the immovable plunger) at the 
outer circumference. Frequently the den- 
sity on the axis of a cylindrical compact 
is less at the top than at the bottom. 

3. To a first approximation there is 
no lateral movement of powder in a 
cylindrical die. Friction on the side walls 
of the die is a controlling factor to the 
irregularity of density distributions. Thus 
compacts of large diameter are relatively 


free of side-wall effects, and variations in: 


density come mainly from other causes 
(as, for example, irregular filling of dies). 
4. Side-wall lubrication appears to be of 
greater importance than interparticle lubri- 
cation. Smoothly polished die surfaces 
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also contribute 
friction. 

5. Strain distributions and stress trajec- 
tories can be determined from lead-grid 
radiographs. From the stress trajectories 
the point to point change in coefficient of 
friction between powder and die wall can 
be ascertained. 


to decreased die-wall 
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DISCUSSION 
(R. P. Koehring presiding) 


T. P. Marrin*—The author’s conclusion 
No. 2 on page 442 that ‘The lowest density in 
* all compacts exists at the bottom edges,”’ does 
; ‘not appear to be justified by the data shown 
iy in Figs 4-7. In three of the four curves shown 
as evidence, the lowest density occurs just 
* above the bottom. Similar irregularities in 
the density gradient from top to bottom are 
E also shown in Figs 10, 12, and 13. That the 


* Carnegie Institute of Technology, Schenley 
Park, Pittsburgh, Pa. 
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lowest density should not occur at the bottom 
edges but somewhere above the bottom may be 
expected if it is considered that the bottom 
layer of powder is being compressed against 
the hard, solid-faced plunger which will not 
materially deform, while above the bottom 
layer the powder is being compressed against 
powder which is neither hard nor continuously- 
surfaced. This is to say that perhaps the 
density from top to bottom, along the side 
of the die, should show a minimum somewhere 
above the bottom. 

Although data are not presented, the con- 
clusion No. rt on page 6—‘‘An increase in 
die diameter yields a more uniform density 
distribution for the same height-to-diameter 
ratio”—this conclusion seems to be pre- 
dictable from the following considerations. 
As the diameter is increased, and the height 
also to maintain the same ratio, the side-wall 
surface increases with the diameter, but the 
area of compression, or volume of powder, 
increases with the square of the diameter. 
Therefore maintaining a constant height-to- 
diameter ratio decreases the amount of side- 
wall surface (and the corresponding friction), 
per unit volume of powder, and for this reason 
should not be expected to result in the same 
density distribution. It should yield -a more 
uniform density distribution as the diameter 
is increased, however; the data given apparently 
indicate this. 

The formula on page 449 appears to be 
incorrect; in accordance with the figure shown, 
it should read: 


tan Ti 
tana = — 1 (2-1) 
2 T 


2 

2 2 V2 

+i Vtanty (3-1 ates 
2 T2 T2 


derived as follows: 


a? yy? wie: Pies, Tr 92 a 7124? 
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= Oe fas Cat 


2 rT? rT? 
tan? a-+ tan a tan y |\—, — 1 70 
T2 T2 


tana = — ae it -1) 
2 T2 

I Te \ ATI 
+2 tan’) erg 
A. J. SHaLER*—I wish to emphasize a fact 
that Mr. Steinberg has brought out, and that 
is that by this experimental method he is 
able to measure, or at least to calculate from 
measurements, the coefficient of friction at the 
die wall at any point. This is important, 
because in other respects the measurements 
he has made on finite size squares in his grid 
do not give an indication of what is going on 
exactly at the surface. That is, the squares 


give you a result which is averaged over a 
considerable distance inside the compact. 


. 


F. V. LEnEL{—I should like to comment on 
conclusion 4 in the paper which reads: “Side 
wall lubrication appears to be of greater 
importance than interparticle lubrication.” 
In connection with work on a standard method 
for determining the green density of metal 
powders, we have made a number of experi- 
ments in which we determined the overall 
densities of green compacts, rather than the 
density distribution. In all cases we obtained— 
contrary to the findings of the authors— 
higher densities in compacts of powders 
mixed with a lubricant than in compacts 
molded in dies where the lubricant is applied 
to the walls. 

Our technique was quite similar to the 
. technique used by the authors, with the 
exception that we mixed the dry lubricant 
with the powder rather than incorporating 
it by dissolving in a solvent and then mixing 
it with the powder. 

I believe it would be quite interesting to 
run some further experiments to find out 
what the reason is for this discrepancy. Such 
an investigation would have to consider such 
points as the finish of the die walls, which 
the authors mentioned as very important, 


* Massachusetts 
Cambridge, Mass. 
+ General Motors Corp., Dayton, Ohio, 


Institute of Technology, 


PLASTIC DEFORMATION IN METAL-POWDER COMPACTS 


the type of powder which is molded and the 
ratio of diameter to length of the compacts. 


C. Brer*—In the paper a point was made 
about the bulging of the grid, and in the 
discussion it was brought out that by the use 
of the radiograph the grid could be seen right 
through the die. 

I wonder, with respect to the bulging, 
whether it might not be a good idea to take 
a radiograph showing the grid laterally, that 
is, the end of the grid rather than the face 
of the grid. That might show what happens 
under compression, whether the grid does 
bulge itself, and what the position of the 
grid is with respect to the axis of the briquette. 

In the paper it was stated that since the 
distribution of stress was axial, the grid shows 
the stress concentrations throughout the 
briquette very well. It was not clear whether 
this was merely a hypothesis or whether the 
grid was actually observed to be in a central 
position in the briquette, thus demonstrating 
that the stresses were axial. 


R. Kamm, M. STEINBERG, J. WULFF (authors’ 
reply)—The authors wish to express their 
indebtedness to all who have contributed to 
the discussion of the paper. Before answering 
the individual questions we wish to point 
out that the primary purpose of the paper is to 
introduce a new nondestructive method of 
measuring the density distribution of un- 
sintered powder compacts. The method also 
gives further information on distribution of 
strains, stresses, and coefficients of die-wall 
frict'‘on. The dies, powder, lubricants, and 
other materials used are but examples to 
illustrate the new method. Their particular 
use stems from auxiliary researches to be 
published shortly. 

Mr. T. P. Martin and Prof. Frederick Rhines 
have discussed the relations for re, m, and 
tan a on page 449 of the paper. Several typo- 
graphical errors have been corrected in the 


relations as they now appear in the paper. 


These relations may be obtained as follows, 
with reference to Fig 14.1” 


* Chief Engineer, Biad Powder Metallurgy 
Co., Pittsburgh, Penna. ‘ 

1 Untersuchungen ueber den Formaender- 
ungsverlauf bei technischen Formgebungsver- 
fahren, E. Siebel and H. Huehne, Mitt. K. W. 
Inst. fuer Eisen. Duesseldorf. (1931) 13, 43. 

* Huette, Das Ingenieurs Taschenbuch, 25th 
ed.; X,) TOrs 
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DISCUSSION 


First it may easily be shown that the 
ellipse shown in the second diagram of Fig 14 
remains an ellipse when subjected to the 
shear deformation shown in the third diagram. 
The semi-principal axes of the sheared ellipse 
are represented by r2 and 7m, where rz is the 
semi-major axis. 

By the methods of analytical geometry 
it can then be shown that the sum of the 
squares of any pair of semi-congugate axes 
of an ellipse is a constant, and hence equal 
to the sum of the squares of the semi-principal 
axes. 


Thus 1? + 72? = 6)? + ro? {xl 
where b1 = ro/sin y 
also rife = favo = fob sin y [2] 


since the volume of the ellipse does not change 

‘in the shear deformation. Substituting re 
from relation’ 2 into relation 1 we have a 
quadratic equation in 7;”, whose solution is 


2 tae + bi? 
pees 


Lat 
2 


+ : MV (ra? + b,?)* — 4rq?bi? sin? y 


The significance of the + sign is realized when 
one solves for 72? and finds the same relation 
with the + sign. Choice of one sign gives ni, 
and of the other gives 72. Since in our diagram 
ro is drawn larger than 71, the + sign is used 


in the relation for 72?, as shown on page 440. 
7 r\? 
Now in Fig 14, tan ¢ tan 0 = at 
2 


But 0=7 — 9, 


- ri? 
so we obtain tan ¢ tan (y — ¢) = 53 
Also a+v+vy— 90° = ¢, 
‘ Tr 
so we have tana tan (a+vy) = — a 


This is a quadratic in tan a whose solution is 


as shown corrected in the paper. 
In answer to the second question of Martin 
and Rhines it should be emphasized that if 


« 
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the numbered density lines are extrapolated on 
density versus diameter curves to the surface 
of the compact, then the extrapolated values 
of the lowest lines usually yield values of 
lowest density. Since these density values 
are average values for each square of the 
grid network, no values of density are ob- 
tainable at the surface of the compact. Smaller 
grid elements would, of course, have given 
a greater accuracy of measurement. 

According to the analytical solution to the 
pressing problem given by Shaler? little 
densification occurs at the bottom circum- 
ference of the compact until solid density is 
reached throughout the compact. As a con- 
sequence the bottom corner of a density 
diagram should show the lowest density in 
the compact as was usually found to be the 
case experimentally. 

In answer to Mr. Bier, any analysis of 
plastic flow in the case of rotational sym- 
metry, requires that plane sections remain 
plane during deformation. In order to check 
the truth of this hypothesis during the process 
of pressing, radiographs of the compacts 
parallel to the grid were made. These radio- 
graphs showed that the grids remained plane 
and did not bulge. All specimens in which the 
grid bulged were discarded and replaced by 
new specimens. The bulging that did occur 
was caused by unsymmetric die loading or 
by direct contact of grid and plunger. 

The type of bulging referred to on page 
442 of the paper was different from the above. 
This bulging refers to some cases where at the 
highest pressures vertical lead grid lines no 
longer remained vertical when viewed normal 
to the grid. 

In contrast with Dr. Lenel’s results, some 
of our experiments showed a higher overall 
compact density when the powder was pre- 
mixed with the lubricant. Of course in such 
cases it is almost impossible to keep the 
lubricant from reaching the side walls. The 
comparison, therefore, is between (1) dry 
powder, (2) dry powder with the die wall 
lubricated, and (3) pre-lubricated powder. 
In the experiments reported in the paper the 
overall densities, using one type of nickel 
powder (minus 300 mesh supplied by the 
Charles Hardy Company), were as follows: (1) 


3AIME, Metals Tech (Aug. 1947—TP 
2236). Introductory paper by R. P. Seelig and 
Seminar. This volume page 520. 
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nickel powder alone, compact K-36, 61.1 pct 
of solid density; (2) nickel powder premixed 
with 144 pct by weight of graphite flake, 
compact K-37, 61.7 pct of solid density; 
(3) nickel with 0.18 pct by weight of stearic 
acid added, compact K-39, 60 pct of solid 
density; and (4) nickel with about 50 mg of 
stearic acid in a solvent painted on the die 
walls, compact K-38, 68.5 pct of solid density. 
Thus the overall densities in our experiments 
vary only slightly except in the case of die 
wall lubrication, where the density is greatest. 


PLASTIC DEFORMATION IN METAL-POWDER COMPACTS 


Although the results are at variance with those 
of Dr. Lenel we do not wish to belabor the 
difference, for the influence of lubricants seems 
to be much greater on the distribution of 
density rather than on the overall density. 
Thus measurements of overall density give 
but a part of the story. 

We are now engaged in applying the new 
technique to various problems concerning the 
flow of particulate materials under pressure 
and trust that before long we shall be able to 
publish more complete experimental data. 
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Some Factors Affecting Particle Size of Hydrogen-reduced 
Tungsten Powder 


By BERNARD KopELMAN* 


(Atlantic City Meeting, November 1946) 


THE particle size of tungsten metal 
powder used to make tungsten wire for 
use in radio tubes and incandescent lamps 
must be closely controlled if the highly 
desirable feature of nonsagging is to be 
achieved. 

Our knowledge of factors affecting 
the particle size of tungsten powder has 
been limited by lack of any extensive 
literature on the subject. There are no 
publications in the English language dis- 
cussing this problem in any but the most 
general terms. In this paper the published 
experimental information on this subject 
is reviewed. Based on the published data 
and some experimental data obtained by 
the author, a general theory of factors 
affecting the particle size of tungsten 
metal powder obtained by reduction of the 
oxides in hydrogen is offered. 

The various forms of the tungsten oxides 
and tungsten metal used in the experiments 
described were those prepared by com- 
mercial processes, so that the experimental 
results obtained on a laboratory scale 
would be more directly applicable to 
actual commercial reduction conditions. 

The effects of time of reduction, tem- 
perature, and concentration of water 
vapor in the hydrogen were observed by 
counting microscopically the particle dis- 
tribution obtained. Such a method is 
very time-consuming, but the data ob- 
tained by this method are more reliable 


Manuscript received at the office of the 
Institute June 11, 1946. Issued as TP 2100 in 
METALS TECHNOLOGY, October 1946. ‘ 

* Sylvania Electric Products Inc., Bayside, 
N. Y. when paper was written; now United 
States Finishing Co., Providence, R. I. 

1 References are at the end of the paper. 


and more fundamental than those obtained 
by any of the several instruments available 
for measurement of particle size. 


REVIEW OF THE LITERATURE 


Until the year 1912, tungsten powder 
was prepared commercially by reducing 
tungstic oxide in the presence of carbon 
or one of its compounds (such as glycerin 
or ethylene glycol), usually by firing the 
mixture in a closed fire-clay crucible. 
The resultant powder contained about 
95 per cent tungsten.! 

When reduction of tungsten oxides by 
H, was introduced commercially,”:? several 
investigators became concerned with the 
equilibria between tungsten metal and 
its several oxides in an atmosphere of 
hydrogen and water vapor.*—!* While these 
many investigations were in fair agreement 
on the equilibria 


WO;+ Hz: = WO: + H20 


and WO,.-+ 2H2+>W-4+ 2H.0 


there arose considerable controversy as 
to the chemical composition of the oxide 
between WO; and WOsz, because of very 
poor agreement on the equilibrium con- 
stant of this intermediate oxide reduction 
reaction. 

The controversy on this intermediate 
oxide has been in progress for more than 
too years. Thus Malguti,'4 in 1835, 
decided it was WOz.5s. In. 1857, Riche!® 
proposed the formula W:;Os. Usler,'® in 
1865, confirmed the existence of W303 and 
further proposed W,Ou. In 1897, Desi’ 
agreed upon W;0Os but also. found W;O1.. 
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In 1923 the problem was renewed when 
von Liempt described his preparation of 
pure WO; by controlling the H»/H:O 
ratio.'8 But Tarjan!® in 1931 offered his 
evidence for W4Oi, and Ebert and Flasch”® 
in 1934 found W4O1, and WsO23 by means 
of X-rays. 

It is this controversial intermediate 
oxide that has caused the difficulty in 
obtaining the equilibrium constant for 
the reduction of WO; to its intermediate 
oxide. 

Observing that this equilibrium con- 
stant changed with time, Wohler, Shibata 
and Kunst!*2! offered the most plausible 
explanation of the phenomenon. They 
found that at the temperatures commonly 
used in the reduction of tungsten trioxide, 
a solid solution of WO; and W:;0; will 
occur slowly. Earlier investigations of 
this reaction were not at equilibrium, 
having been run too rapidly; they did not 
allow a constant K to be arrived at, but 
one that decreases with increasing solution 
of W.0; in WOs3. 

In other words, the equilibrium constant 
K for the reaction 


2WO; + H2 W220; + H:0 


is not only a function of the ratio Py,0/Pu, 
but also of the mol fraction of W.O; 
dissolved in WO3. (They found further 
that the reduction of WO; to W:0; is 
only 97 per cent complete when formation 
of WO, begins [thus supposedly obviating 
the possibility of preparing pure W.O; 
(by reduction)]. 

These results are the most convincing 
evidence to date that there is no compound 
W,0,; but rather a solid solution of WO; 
and W.O; corresponding to the various 
compositions W40i1, W3;Os, and so on. 

Of these several investigators only 
von Liempt® concerned himself with the 
particle size of tungsten powder resulting 
from this reduction.?® His general state- 
ments, for many years the only information 
on this subject, are summed up as follows: 


PARTICLE SIZE OF HYDROGEN-REDUCED TUNGSTEN POWDER 


1. To obtain fine tungsten powder: 

a. Use fine tungstic acid. 

b. Begin the reduction at low 
temperatures, and gradually in- 

_ crease to higher temperatures. 

c. Use a rapid flow of hydrogen. 

2. To obtain coarse tungsten powder: 

a. Use coarse tungstic acid, made 
by sintering the fine acid in air 
at high temperatures. 

b. Carry out the reduction at 
higher temperatures. 

c. Use hydrogen containing water 
vapor or oxygen. 


More direct information on this phe- 
nomenon was offered in 1928 by Meerson”4 
in a Russian publication. The significance 
of his investigation warrants listing the 
results he obtained: 

1. If tungsten metal powder is heated 
in a dry H2 atmosphere, no particle growth 
occurs until the temperature. exceeds 
1200°C. 

2. If tungsten metal powder is heated 
in a wet Hz» atmosphere, the particle 
growth begins only at temperatures above 
1050°C., and it is more pronounced with 
higher temperatures and greater proportion 
of moisture. 

3. This particle growth of tungsten 
metal powder is always associated with 
loss in weight of the powder, indicating 
the formation of tungsten dioxide WOn:, 
volatile above to50°C. 

4. The formation of coarse crystalline 
powder in the reduction of WO; is explained 
by volatilization of WO; and W.0;. 

5. Tungsten trioxide WO; begins to 
volatilize at 850°C; tungsten pentoxide, 
W205, at 900°C. 

6. The particle size of the initial WO; 
has no essential influence on the size of 
the tungsten powder obtained. 

7. The particle size of tungsten metal 
powder may be controlled by regulating 
the volatility of the oxides. 

Meerson’s work dealt mainly with 
temperatures above 1000°C., which are 
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higher than those used in commercial 
reduction. He does, however, cite two 
experiments, carried out just over 800°C., 
which are of direct interest. He reduces 
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bubbler containing a 6-in. column of 
distilled water (Fig. 1). The bubbler was 
immersed in a 12 by 12-in. Pyrex jar 
containing mineral oil. The oil was heated 


A. Nichrome tube. F. Heavy asbestos wrapping. J. Gas bubbler with distilled 
B. Silica tube. G. Calibrated thermometer. water. 

C. Furnace insulation. H. Pyrex jar containing min- XK. Variable-speed stirrer. 

D. Thermocouple well. eral oil. L. Nichrome winding. 

eee Ose Smith! No. ro I. Coil heater. M. Rotameter calibrated for 


winding. 


He. 


Fic, 1.—REDUCTION APPARATUS. 


WO; of particle size range 8 to Io microns 
(in dry hydrogen) and obtains tungsten 
particles of size 1 to 4.5 microns. Further, 
he reduces WOz of particle size 10 to 33 
microns in dry hydrogen and the tungsten 
particles obtained are 2 to 6.5 microns in 
size. 

The experimental work in this paper 
was confined to temperatures within the 
commercial range. In addition, the oxides 
used were those prepared by usual com- 
mercial methods.* Except for the WO; 
used, which initially is of very high purity 
(<o.or per cent impurity), the brown 
oxide is not pure WO, but a mixture of 


WO, and W. And the blue oxide is not 


W.0;, or W.O; but a mixture (more 
likely a solid solution) of WO; and W:20s. 
All these materials were ‘‘doped” with 
about 0.4 per cent SiOz and about 0.4 per 
cent K,O + KCl, these materials being 
one of the essentials in attaining nonsag 
characteristics. 


REDUCTION APPARATUS 


The hydrogen was passed through a 
rotameter (calibrated for Hz) into a gas 


* The tungsten metal powder and the three 


tungsten oxides may be obtained from Sylvania 
Electric Products, Inc., Towanda, Pa. 


with a coil heater and was stirred rapidly; 
the temperature was read from a Bureau 
of Standards thermometer calibrated in 
tenths of a degree between 0° and 50°C. 

For water temperatures above 30°C. 
the glass tube leading to the bubbler was 
heated by a nichrome winding, which was 
connected through a variac. In this way 
the gas was preheated before entering 
the bubbler, thus avoiding cooling of the 
bubbler liquid. The temperature of the 
water bath was controlled easily between 
OG. 

The tube leading from the bubbler to 
the furnace was about 6 in. long, heavily 
wrapped in asbestos, and inclined downhill] 
to the furnace. A slow hydrogen flow of 
5 cu. ft. per hour was used in all experi- 
ments to assure saturation of the H» with 
water vapor at the temperature in use. 

The furnace consisted of a silica tube 
13g in. id., wound with a 1}4-in. rod of 
an iron-chromium-aluminum alloy mar- 
keted as A. O. Smith No. to alloy. The 
winding was connected through a trans- 
former and a variac, to assure continuous 


variable power. 
The furnace, approximately 
long, was found to have a ro-in. uniform 
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hot zone at the center. A temperature of 
about +10°C. was maintained. 

At the exit end of the furnace, a 14-in. 
nichrome tube, of approximately the 
same inside diameter as the silica tube, 


ae 


mes 


c. Run 12 fired 15 hours in He at 850°C, 


Fic. 2. 


was cemented to the silica tube by means 
of Insalute. By using a nichrome tube, 
the hot boats could be quenched im- 
mediately without danger of cracking 
the tube (a sillimanite tube, originally 
used, cracked after a few quenches). 


PARTICLE SIZE OF HYDROGEN-REDUCED TUNGSTEN POWDER 


EXPERIMENTAL PROCEDURE 


Twenty-gram samples of the powder 
were loaded into nickel boats approxi- 
mately 8 in. long. The powders were not 
packed. 
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b. Run 17 fired 2 hours in He at 650°C. 


- 


REDUCTION OF BROWN OXIDE. 


The loaded boat was put in the nichrome 
tube, and pushed gradually into the hot 
zone over a to-min. period. After it had 
remained in the hot zone for the required 
period, the boat was pulled immediately 
into the cold nichrome tube. 
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The powder obtained was dispersed 
in turpentine on a glass slide, by working 
the powder well with a metal spatula. 
Neither time of working nor pressure 
applied to the spatula affected the particle 
size. Representative samples of the powder 
were photographed at t1ooo diameters. 
A plastic rule was used to measure the 
size of each particle in a photograph, 
in millimeters. Since at 1000 diameters 
I micron equals 1 mm., a direct particle 
count was obtained. 


EXPERIMENTAL DATA 


Tungsten Metal Powder 


In the first set of experiments tungsten 
metal powder was -studied. Table 1a 
shows the results obtained when the water- 
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particle size or distribution occurred 
even though in one case a firing of more 
than 15 hr. was used. 

Table tc shows the result of varying 
the water vapor concentration in the 
hydrogen, other factors being kept con- 
stant. The water vapor concentration 
was varied from about 4 per cent to 
somewhat under 45 per cent. These 
concentrations keep the following reaction 
on the reducing side: 


W + 2H.0 = WO, + 2H 


Using von Liempt’s!® value for the 
equilibrium constant at 850°C., one cal- 
culates that a minimum of 46 per cent 
water vapor is necessary before any WO2 


TABLE 1.—Experimental Data on Tungsten Metal Powder 


Purnace Water-bath Time an Raine Size of Particles, Per Cent 

Run No. eee. Bie debs hg Hot Particles 

Deg. Ci Deg. C. = anes o— Ip I — 2p 2+upn 
a. Temperature Varied 
Original tale aes Sees 2,980 29.4 62.5 7.8 
I7 650 30 2 280 33/5 63.9 255 
16 750 30 2 333 32.4 64.9 2.7 
9 850 30 2 612 asa 67.8 8.5 
b. Time of Firing Varied 
Original CiaaK Rae det 2,980 29.4 62.5 7.8 
tI 850 30 0.42 507 29.4 67.7 3.0 
pas) 850 30 I 488 2ree 71.6 7.0 
9 850 30 2 612 23°47 67.8 8.5 
12 850 30 15.25 282 24.8 aA 2.8 
c. Water-vapor Concentration in He Varied 

Original tae sss oi 2,980 29.4 62.5 eS 
9 850 30 2 612 Bay 67.8 8.5 
ne 850 50 2 135 26.6 WIE 2.2 
I4 850 65 : 2 195 31.8 65.1 Sak 
15 850 80 2 169 28.4 69.3 2.4 
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vapor concentration and the time were 
kept constant, the temperature being 
varied. Within the experimental accuracy 
of counting, no change in particle dis- 
tribution occurred. 

Table 1b shows the results of varying 
the time of firing, other factors being 
kept constant. Here again, no change in 


will form. It is observed that no significant 
change occurs in the particle distribution. 


Brown Oxide 


Table 2a lists the results obtained by 
firing brown oxide in Hz in which the 
temperature was varied, other factors 
kept constant. Fig. 2@ shows the particle 
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size of this original brown oxide. The 
brown oxide fired at 650°C. (run No. 17) 
remained brown. The firings at. higher 
temperatures reduced the oxide to metal. 
It is worth while to note that there is a 
definite decrease in particle size in this 
650°C. firing (Fig. 2b) while at the other 
temperatures the resultant metal powders 
contain essentially the same particle dis- 
tribution as the brown powder from which 
they are made. 


PARTICLE SIZE OF HYDROGEN-REDUCED TUNGSTEN POWDER 


Blue Oxide 


Table 3a shows the effect of firing time 
on the particle size of metal powder 
prepared from the blue oxide, which 
initially is rather coarse. There is a con- 
tinuous decrease in the over-all particle 
size, though the 1 
remains sensibly constant. X-ray diffrac- 
tion patterns show only the presence of 
tungsten metal, even though the particle 


to 2-micron range 


TABLE 2.—Experimental Data on Brown Oxide 


Particle Size, Per Cent 
Furnace Water- ae ate 5 
Tempera- bath Time in | Number of 
Run No. ‘ire Tempera- eres: Spleve 
c ture, Hr. ounte on a + 
Deg. C. Deg. C. Oo Tp Ti — 2a 2— 30 3t+u 
a. Temperature Varied 
Original See NY eed SameeaN) Meier ene 432 26.0 62.4 9.73 1.85 
17 650 30 2 768 45.2 48.2 6.25 0.26 
16 750 30 2 299 2337 66.5 6.35 3-34 
19 850 30 2 268 16.4 65.7 14.2 S272 
b. Time of Firing Varied 
Original eh ci Seer, 432 26.0 62.4 9.73 1.85 
Il 850 30 0.42 259 20.4 62.6 13.5 3.48 
10 850 30 iz 7890 18.0 62.7 15.4 3.80 
9 850 30 2 268 16.4 65.7 14.2 3.73 
12 850 30 15.25 320 20.6 65.9 10.9 2.43 


c. Water-vapor Concentration in H2 Varied 


Original 


In Table 2b are found the results 
obtained when the time of firing is varied. 
The particle distribution of the metal, 
within experimental limits, is the same 
as the original brown powder. Fig. 2¢ 
shows the resultant particle size after a 
15-hr. firing in He. 

Table 2c shows the effect of water vapor 
in the hydrogen on the resultant particle 
size. Here again it is seen that the metal 
powder has the same particle distribution 
as the brown oxide from which it was 
prepared. (All the runs except No. 17 
indicate that a very slight growth has oc- 
curred, This may or may not be significant.) 


size and distribution change. 
discussed later. 

Table 36 shows the effect of water vapor 
in the hydrogen. It is obvious that increas- 
ing amounts of water vapor cause an 
appreciable decrease in particle size. 
The powder obtained in run 27 is a mechani- 
cal mixture of brown and metal; the 
powder in run 28 is brown. Water vapor 
thus slows the rate of reduction. In other 
words, water vapor poisons particle growth 
and rate of reduction. The decrease in 
particle size with increase in water-vapor 
content is seen in Figs. 3a to 3e. 


This is 


Table 3c compared with Table 3a, 
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shows the effect of firing time when the 
furnace temperature is raised from 850° 
to g10°C. This series of runs was made 
with the original view in mind of checking 
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a. Run 6. Water vapor 4.2 per cent. 
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c. Run 26. Water vapor 12.2 per cent. 
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It was quite surprising when it was 
observed that, contrary to the results 
obtained in Table 3a, no apparent change 
in particle distribution could be detected. 


ee? 
o 
& me 
=. 


1000 X 


b. Run 25. Water vapor 7.3 per cent. 
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d, Run 27. Water vapor Ig.7 per cent. 
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e. Run 28. Water vapor 30.8 per cent. 
Fic. 3.—REDUCTION OF BLUE OXIDE BY HYDROGEN CONTAINING WATER VAPOR. 


Table 3a. The furnace was allowed to 
become stabilized at this higher tempera- 
ture to allow formation of larger particles, 
thus easing the microscopic counting. 
The same particle distribution was ex- 
pected, 


From two to five times the normal number 
of particles were counted in an effort to 
observe the similar trend. This behavior, 
however, can be correlated quite readily 
by the mechanism proposed for particle 
growth. 
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a 
TABLE 3.—Experimental Data on Blue Oxide 
Buriace Water- Particle Size, Per Cent 
Tempera- bath Time in | Number of 
Run No. ture, perinerss per Particles 
ure, re Cc ted 
Re La near Spices o-Tp 1-2 2-34 3+u 
a. Firing Time Varied 
7 4 850 30 2 1,339 35.9 40.0 15.5 8.7 
5 850 30 ceS 707 Agar Rye II.6 10.6 
; 6 850 30 x 421 28.7 0 ae 19.5 20.7 
7 850 30 0.5 754 © £403 39.1 25 EL 23.5 
b. Water-vapor Concentration in Hz Varied 
6 850 30 I 421 28.7 PLE 19.5 20.7 
25 850 40 E { 441 46.7 36.5 8.2 8.7 
26 850 50 z 1,008 42.5 30.5 £42 12.8 
27 850 60 I 367 64.9 257, Cra 5.7 
; 28 850 70 I 320 83.1 15.6 tes fo) 
A c. Effect of Firing Time When Temperature Is Raised 
4a 910 30 2 2,069 50.0 3r.5 7.0 TL3s 
~ 5a 910 30 1.5 2,194 37-9 47-4 7-3 7-3 
6a QIO 30 ii 1,862 50.0 34.5 9.8 5.8 
; 7a 910 30 0.5 1,309 34.8 43.9 10.2 reer 


TABLE 4.—Experimental Data on Yellow Oxide 


Water- 


Particle Size, Per Cent 


Furnace Time in 
Tempera- bath Furnace, | Number of 
Run No. ture, Tempera- He. Particles 
Deg. C. pest Counted say RES Baa Pern 
2 a. Time of Firing Varied 
; 4 850 30 2 252 20.6 52.4 I7.9 9.1 
5 5 850 30 I.5 210 22.4 45.7 23.3 8.6 
z 6 850 30 I 322 27.6 35.4 19.8 17.4 
hy a, 850 30 0.50 276 47.8 3273 8.0 12.9 
My 8 850 30 0.33 338 80.5 18.9 0.30 0.30 
# b. Time of Firing Varied 
a 910 30 2 683 38.8 41.0 7.9 12.3 
en 910 30 D5, 756 51.0 27.9 I1.9 8.6 
6a 910 30 I 794 55.5 26.1 8.2 10.2 
7a 910 30 0.5 1,587 45.5 47.6 5-4 3.0 
vor 
: c. Water-vapor Concentration in He Varied 
6 850 30 I 322 27.6 at! 19.6 T7in4: 
25 S26 40 I 715 2515 49.9 18.6 6.0 
26 850 50 i 638 56.4 4I.4 1.6 0.6 
27 850 60 I 632 57.0 39.7 3.2 0.2 
Rae: 850 70 I 511 67.7 29.0 a} 0.2 


d. Water-vapor Concentration Varied 


3 
3 
3 
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Yellow Oxide 


In Table 4a the time of firing is varied, 
the temperature being maintained at 
850°C. The yellow oxide initially is very 
fine. Three changes are observed: 

1. The number of o to 1-micron particles 
decreases continuously. 

2. The number of 1 to 2-micron particles 
increases continuously. 

3. Particles above 2 microns first in- 
crease in number, reach a maximum and 
then decrease. 

A series of X-ray diffraction patterns 
was taken of the five powders obtained, 
and no oxides were found in runs 4, 5 and 6, 
while the diffraction lines of WO,» in 
runs 7 and 8 were quite obvious. These 
are shown in Figs. 4a to 4e. If it is true 
that no oxides are present in runs 4, 5 
and 6, it is indicated that the larger 
particles of tungsten present in these 
powders are porous, and are shrinking 
while changing from the density of WO, 
to W. Also, the percentage of fines (below 
one micron) is decreasing, indicating 
some actual sintering of tungsten powder 
(porous and thus highly active) at these 
temperatures. Experiments to confirm or 
deny the existence of ‘‘porous’”’ tungsten 
are being planned. 

Table 4b shows the results at g10°C., 
the other conditions of Table 4a kept 
constant. Here again, as with the blue 
oxide, the particle size remains sensibly 
unchanged. 

Table 4a shows the result of reducing 
WO; at 850°C. in the presence of varying 
amounts of moisture. Here again, as 
with the blue oxide, increasing amounts 
of water vapor poison the growth of the 
particles. 

This behavior was confirmed by a 
series of yellow oxides reduced at 600°C. 
(Table 4d). The particles are all very fine, 

and it was necessary to enlarge to 2000 
diameters for microscopic counting. Runs 
19 and 20 ended as brown powders, but 
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run 22 went only as far as the blue. It is — 


a ee PRR 


significant that run 22 contains the smallest — 
particles, even though it is blue oxide, — 


to which stage largest grain growth 


usually occurs. 


ANALYSIS AND CORRELATION OF DATA 


It is now possible to obtain a somewhat 
better picture of the mechanism of reduc- 
tion of tungsten oxides to the metal 


powder in the presence of hydrogen. The © 


analysis, of course, cannot be complete 
until such factors as the rate of flow 
of the hydrogen, the size of the boat load 
of the oxides, their density of packing, 
the dispersion of dope, and other con- 
ditions have been closely investigated. 

In dry hydrogen two general factors 
are competing to establish the particle 
size of the metal prepared from its oxides. 
There is the tendency for particles to 
grow in size, this tendency being largest 
in the very fine powders with the greater 
surface energy, and accordingly, decreasing 
with increase in size. This tendency to 
growth exists in all the oxides and in the 
metal itself. The higher the oxygen content, 
the greater the tendency to growth, and 
also the lower the temperature required for 
growth. 

Competing with this growth factor 
is the tendency for decrease in volume 
due to the change from WO; of density 
7.2 to WOs of density 12.1 to W of density 
19.3. For example, it is easy to calculate 
that a particle of WO; with a diameter of 
ro microns will have a particle diameter 
of a little above 6.5 microns if reduced to 
metal with no interfering growth factors. 
(Meerson’s results,*4 showing a decrease in 
size of WOz of initially 10 to 33 microns 
to a metal size of 2 to 6.5 microns is 
difficult to understand unless thermal 
shock cracked the large particles, the par- 
ticle disintegrated during reduction, or his 
large particles are actually agglomerates.) 

This would explain the behavior of the 
yellow and blue oxides when reduced 
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at 850°C. (or below). The, early stages of 
reduction of the yellow oxide are char- 
acterized by rapid growth of the very 
fine oxide, and this growth overshadows the 
shrinkage because of loss in oxygen (which 
at its maximum can amount only to some- 
what less than 4o per cent of the diameter 
size). The rate of growth decreases with 
increase in size and decrease of oxygen 
content, then the stage is reached (in 


407 


and the reduction is characterized solely 
by reduction in size. 

The results at g10°C. may be explained 
in similar fashion. It has been pointed 
out that X-ray diffraction patterns of the 
time series of the blue oxide run at 850°C. 
showed no tungsten oxides present. This, 
of course, is no final indication that no 
oxides actually are present, since a few, 
or even several per cent, may be present 


TABLE 5.—Growth Rates Versus Particle Size 


Over-all Behavior with 
Time at 850°C 


Remarks 


Lowest 
Initial Tempera- 
Mateé- | Particle ture, Initial Behavior 
rial Size, Deg. C., at 850°C 
: Microns| Required 
for Growth 
. WO; o-I ca. 400 Rapid growth 
WOs; I-5 ca. 600-800 | Slow growth 
WO; >5 Over 900 Shrinkage 
W:0;5 o-I ca. 600 Fairly rapid growth 
W205 fons 700-900 Slow growth 
W220; >5 Over 900 Shrinkage 
WO2 o-I ca. 700 Slow growth 
WO:2 I-2 ca. 800 Very slow growth 
WO2 >5 ca. 1000 Shrinkage 
W 0-2 I050 No change 
WwW 2-4 1200 No change 
WwW >4 Over 1200 No change 


Growth, then some shrink- 
age 

Rather constant size 

Continuous shrinkage 

Growth, then shrinkage 

Rather constant size 

Continuous shrinkage 


Very slight growth 
Rather constant size 


Commercial WO; is in the 
O-I range 


Blue oxide used was a 
mixture of the latter two 
groups with some WO; in 
solution 

Material used mainly of 
this size 


Shrinkage Shrinkage only 

No change Over 1200°C. required for 
No change growth 

No change 


ec 


the brown) where the shrinkage factor 
overtakes the growth factor and there 
is a small decrease in over-all particle 
size (of the order of 15 to 20 per cent). 
This shrinkage is more noticeable the 
faster the rate of reduction. If the reduction 
is slow, as by reducing first to the brown 


in 3 hr. (not uncommon in commercial 


practice) and then reducing the brown 
further to the metal, the long time in- 


volved would allow the brown to grow a 


little to counteract this shrinkage. (If 
the temperature is high enough (750° to 
850°C.), at 650°C. the tendency for brown 
to grow is so small that the shrinkage 
would be observed.) 

In the blue oxide at 850°C., initially 
quite large, the material is at or near its 


‘maximum size for the temperature in- 


volved, owing to previous heat-treatment 
(a long fire at a much lower temperature) 


but not give enough diffraction to darken 
a photographic film. 

The apparent constancy in particle 
size at ‘910°C. indicates that some growth 
is occurring to counteract normal shrinkage 
due to loss of oxygen. This growth is 
occurring either in the undetected oxides 
or in the porous tungsten that may exist. 
If such a porous material were present, 

it would probably be highly active, having 
a very large surface area. 

It must be concluded that at even 
higher temperatures continuous growth 
would occur with time until tungsten of 
maximum density was reached (assuming 
the temperature were not high enough to 
cause growth of tungsten metal—r1200°C.), 
if the initial particle size were small to 
that the growth tendency is large. If 
however, the particle size of the oxide 
were initially large, there would be small 
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surface energy, and a decrease in size 
would be expected. Thus, at slightly over 
800°C. Meerson found that the particle 
size of WO; of initially 8 to 10o-micron size 
was changed to 1 to 4.5 microns when 
reduced to metal powder, and large 
particles of WO, showed an even more 
striking decrease. 

This latter result is in confirmation 
of my finding a decrease in size of WO: 
when reduced at 650°C., and this behavior 
bears out the general relationship of the 
competition of growth versus shrinkage 
as a function of temperature, oxygen 
content, and particle size. 

This phenomenon of rate of growth 
versus particle size cannot at present be 
put in quantitative terms to predict 
final particle size. Thus, assume that 
we have WO; of particle size of 0.5 microns, 
and WO; of 1 micron. And let us assume 
that at the temperature involved. the rate 
of growth of o.5u WOs; is such that its 
maximum average particle size is 5 microns, 
the growth factor being ro. 

The growth factor of the one micron 
WO; will be smaller, but how much smaller 
is of critical importance. Thus, if its 
growth factor is 6, its maximum particle 
size is 6, or larger than that of the 0.5 
micron WOs, but if it is 4, it will be smaller 
than the final size of the o.5-micron WQ3. 
Thus with our present knowledge we 
cannot be sure whether the o.5 or the 
1-micron WO; will give the larger ultimate 
particle size at any one temperature. 
We can say, however, that the use of a 
higher temperature will change the relative 
growth factors in favor of the o.5-micron 
WO; (i.e., the o.5-micron particles will 
grow at an increasingly faster rate). 

While we have no direct evidence on 
growth rates versus particle size, in 
Table 5 is offered what is believed to be 
close to actual behavior, assuming dry 
hydrogen is used. This may be used as a 
rough yardstick until more direct evidence 
has been accumulated. 
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Meerson lists volatilization or sublima- 
tion temperatures for WO3, W20; and WOz — 
at 850°, goo°® and 1050°C., respectively, 
and believes growth to occur only at these ~ 
temperatures. 

The phenomenon of sublimation may 
occur at any temperature below the triple 
point of a substance (solid, liquid and © 
vapor all in equilibrium), beginning when — 
the partial pressure of the material in 
the gas phase equals the vapor pressure — 
of the pure substance at that temperature. 
Thus it is a function of the total pressure : 
and of the rate of hydrogen flow, and no 
temperature can be fixed for sublimation — 
without specifying all the other variables. 
In addition, Meerson determined these 
temperatures by loss in: weight of the 
sample, and this is, of course, a function 
of time. For example, he found no loss 
in weight of WO; in heating in air for — 
one hour at 750°C., but a loss in weight of — 
from 0.009 to 0.4 per cent when heated 
in air at 850°C. for one hour. It is not 
improbable that by his method he might 
have found a volatilization temperature 
of 800°C. upon a 2-hr. firing, or 750°C. 
upon a three-hour firing. 

And further, the vapor pressure of small 
crystals is greater than that of large 
crystals, and these volatilization tempera- 
tures are -thus a function of the particle 
size also. (This is, of course, another way 
of stating that growth is a function of 
the particle size, since the vapor of the fine 
particles will deposit on the coarse.) 

While Meerson’s temperatures of notice- 
able volatilization are of the right order 
of magnitude, having been observed by . 
other investigators,!°?> it is not safe to 
assign a definite temperature to the 
phenomenon. 

And since in commercial schedules — 
the yellow or blue oxides do not remain 
(probably do not even exist) as such 
for one hour at these temperatures, it is 
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doubtful whether these temperatures have 
any significance in the general problem. 


EFFECT OF WATER VAPOR 


The belief has been widely held that 
increase in particle size during reduction 
at commercial temperatures may be accom- 
plished by increase of water content in 
the hydrogen. This occurred, presumably, 
by means of the cyclic reaction 


WwW a 2H20 a WO, sli 2H. 


_ Here, supposedly, the finer particles of 


tungsten were oxidized to WOkz, this in 
turn volatilized and condensed on the 
larger tungsten particles where it was 
reduced to metal again. 

First of all, the experimental results 
on the metal powder and the brown oxide 


- indicate that their particle size is unaffected 


by water vapor in the hydrogen at tem- 


g peratures of 850°C. Secondly, Meerson 


water-vapor 


shows that the particle size of tungsten is 
unaffected by water vapor unless the tem- 
perature exceeds 1050°C. Thirdly, it is 
readily calculated that the equilibrium 
concentration of water vapor in He at 
goo°C. for this reaction is about 47 per 
cent. In other words, under a continuous 


flow of hydrogen, over 47 per cent water 


vapor must be present to allow formation 
of WOs.. It is also readily calculated that 
in normal commercial reduction the water 
vapor content does not greatly exceed 
7 per cent. While it is possible that the 
content over the oxides 
themselves, by statistical probability, may 
exceed even 47 per cent for very short 
times, owing to reduction in spurts, 


_ by the time the Hz passes over the tungsten 


metal itself it has pretty well reached 
its dynamic equilibrium value of some 
7 per cent. Thus this cyclic reaction cannot 
play a role at these low temperatures. 
Indeed, the author’s data at 850°C. 
on the yellow and blue oxides indicate 
that water vapor poisons growth of the 
powder. Meerson reduced WOs of size 
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1 to 2 microns at 800°C. in Hy that had 
been bubbled through water at 70°C., 
and found that the WO, obtained was 
of the size 1 to 2 microns. If the hydrogen 
were dry, it is probable that some particle 
growth would have occurred. 

The change of particle distribution 
with water content seems to become ap- 
preciable only when the water-bath tem- 
perature approaches 50°C. or higher. 
Temperatures below this do not seem to 
have too great an effect. 

We may generalize the role of water 
vapor by saying that it will decrease 
particle size unless the reduction is carried 
out at temperatures and water concen- 
trations for which the volatility of the 
oxides (over goo°C.) is greater than the 
poisoning effect of the water vapor. 


KINETICS OF REDUCTION PROCESS 


Using the data obtained by the several 
investigators cited earlier in the paper, 
it is possible to calculate the theoretical 
amount of H» that should react with 
the tungsten oxides at any temperature. 

The following two sets of three equilibria 
are involved, depending on whether W,0Oi;, 
or W20; is the intermediate oxide involved: 


A (1) 4WO; + He S W.0n + HO 
A(2) W.0u + Shee 4WO2 + 3H.20 
A(z) WO. +212 W . +2H,0 
B (1) 2WO; + H, + W205 + H20 
B (2) W205; + He + 2WO, + H20 
B (3) WO, + 2h. S WwW + 2H20 


As shown earlier, there is poor agreement 
on the experimental value of the ratio 
Pu,o0/Pu, for the first reaction, apparently 
because of solid solubility of W205 in 
WOs. Using the data of Chaudron,® the 
values for the equilibrium concentration 
of water vapor as a function of -tem- 
perature (Table 6) are calculated for the 
reaction: 


WO; + 3H2 —> W + 3H20 


There is not much difference in water 
concentration, assuming the existence of 
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TaBiE 6.—Theoretical Amount of He 


Water Vapor, Water Vapor, 
Temperature, Per Cent, Per Cent 
Deg. C. Assuming Assuming 
W:0u W205 
650 45.4 47.6 
750 49.3 53.2 
850 52.5 57.8 
950 55.2 Las: 
1050 57-5 64.5 


either of these oxides. This, of course, 
does not mean that the true value is 
either of these or in between these, but 
it is undoubtedly of the right order of 
magnitude. 

These values mean that if all the He 
that could react did react with the oxides, 
the resultant gas mixture coming out of the 
furnace would contain some 50 per cent 
water vapor. 

Let us assume that we reduce WO; in 
usual commercial amounts to metal at 
775°C. with an Hp flow of 100 cu. ft. per 
hour in a 3-hr. cycle.* This would stoi- 
chiometrically require about 20 cu. ft. of 
He. Extending this calculation, we find 
that the He under this dynamic flow con- 
tains about 7 per cent of water vapor. 
The efficiency of reduction is then 

al = 14.0 per cent 

50 
With an efficiency of this order, the rate 
of reaction is rather slow, indicating 
there is not much of a water-vapor gradient 
throughout the length of the furnace. 

The theoretical efficiency of the reaction 
is only slightly dependent on temperature. 
With the observed reduction rates as a 
function of temperature, this indicates 
that such factors as density of packing 
of the oxides or the height of the material 
in the boat are of great importance. 
Further, this slight temperature depend- 
ence and the rather low actual efficiency of 
some 14 per cent allows the possibility 
of speeding up the reduction by increasing 


* These figures fall within the range com- 
_ monly encountered in commercial practice. 
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the reaction rate. The most obvious way 


vats gual 


is to increase the reduction temperatures. — 


As has been pointed out, this would cause 
a loss of control of final particle size. 


Collenberg and Sandberg,”* in a recent — 


Swedish publication, describe the effects 
of catalysts in increasing the reduction 


rates, using temperatures ordinarily en- — 
countered. Their results, the only experi- — 


mental information on the kinetics of the 
reduction, are hereby summarized: 

1. Under constant time and temperature, 
the percentage of reduction increases 
(more or less proportional to the rate of 
gas flow) until it reaches a value of 80 per 
cent, and thereafter considerably more 
slowly, the lower the temperature, the 


slower the reduction. (This merely states a — 


generally known fact—that the yellow and 
blue oxides are more easily reduced than the 
brown at any specified temperature.) 

2. At any specified temperature, the 
faster the rate of gas flow, the smaller 
the working degree of the He. (The working 
degree of the Hz is defined as the per- 
centage of H, that reacts with the oxides 
in one pass over the oxides.) 

Also, the working degree of the Hy» 
increases with increase in temperature. 

3. At constant temperature and con- 
stant total quantity of H2 used, the working 
degree of the Hy and the percentage 
reduction of the oxides increase with 
decreasing rate of flow. (In other words, 
if in one case 1oo liters per hour of Hy» 
was passed over the oxides for one hour, 
and in a second case 50 liters per hour for 
two hours, the latter case would cause a 
more complete reduction. 

4. Under constant time and rate of 
gas flow, the percentage of reduction 
increases linearly with temperature (within 
the region examined), but the temperature 
coefficient is smaller the more completely 
the oxide is reduced. 

5. The working degree of the Hy, in- 
creases linearly with temperature at 
constant reduction time and gas flow. 
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6. If WOs3 is doped with 0.05 per cent 
KOH, the percentage reduction is in- 
creased from 65 to 95 per cent. Further 
increases in KOH further increase the 


- percentage reduction, but obviously to a 


much lesser extent. 

7. A doped oxide reduces more readily 
than an undoped oxide, but the difference 
in rates becomes less striking with increase 
in rate of gas flow. (At 775°C. and flow of 
40 liters per hour, the difference is only 
about 4.5 per cent). 

8. When reduction is catalyzed by using 
the potassium halides, the higher the 
atomic weight of the halogen, the greater 


- the reduction—i.e., KI is very much better 
_ than KCl, and this, in turn, better than 


However, all halides except KF were 
found to be volatile at 775°C. When 0.60 
per cent KCl was added, only o.21 per cent 
was found; when 1.34 per cent KI was 
added, only 0.02 per cent was found. 

9. Potassium salts. (such as the car- 
bonate, nitrate, or hydroxide) that with 
WO; form K2WO, (considered irreducible 
in the reduction furnace) are better 
catalysts than any of the potassium 
halides. 

1o. When the WO; is doped with 
various alkali chlorides, the higher the 
atomic weight of the alkali metal, the 
greater the reduction (thus RbCl better 


‘than KCl, and KCl better than NaCl). 


11. Catalysis occurs even if the WOs is 


in a separate boat from the inorganic salt. 


In the alkali chlorides, the percentage 


~ reduction is the same whether the WOs; 


oT Ne ey ee 


is doped with the alkali or the alkali is in 


~ an adjacent boat. 


12. The catalytic action of the bivalent 
and trivalent chlorides (such as MgCle, 
CeCls) is much less than that of the mono- 


- valent alkali chlorides. 


13. MgO and BaO have a small but 
definite catalytic effect. 

14. Finely divided nickel in a boat 
adjacent to the boat of WOs3, activates 
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the reduction greater than any of the 
inorganic materials. 

15. The catalytic action is due to 
activation of the H» gas (by the formation 
of atomic hydrogen or hydrogen ions). 


SUMMARY 


The effect on the particle size of tungsten 
metal powder of time of firing, temperature 
and water-vapor concentration during 
reduction of the tungsten oxides by 
hydrogen has been observed by counting 
microscopically the powders obtained. 
The study is not yet complete. The results 
to date are as follows: 

1. The particle size and distribution of 
tungsten metal powder is not at all affected 
by refiring 


a. In He for up to 15 hr. (longer times 
not studied) within the temperature 
region examined. 

b. In He between the temperatures 
650° to 850°C. 

c. In He» containing up to 45 per cent 
water vapor within the temperature 
region examined. 


2. The particle size and distribution of 
tungsten metal powder prepared from 
brown oxide will be the same as this 
brown oxide: 


a. If the reduction is carried out between 
the temperatures of about 7oo to 
900°C. 

b. Regardless of the time of firing 
within this temperature range. 

c. Even if the hydrogen contains up to 
45 per cent water vapor. 


3. Brown oxide, fired in Hz at 650°C. 
will show a decrease in particle size. 

4. The blue oxide studied shows a 
continuous decrease in particle size while 
it is being reduced to coherent metal 
powder at 850°C. 

s. The blue oxide will show a rather 
constant particle size while it is being 
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reduced to coherent metal powder at 
910°C. 

6. The higher the water vapor con- 
centration in the H», the smaller will be 
the particle size of the metal powder 
obtained from the blue oxide. Also, the 
rate of reduction is slower. 

7. Fine yellow oxide reduced at 850°C. 
initially increases in size through the 
brown oxide stage, and then decreases in 
size as it becomes metal. 

8. The yellow oxide at g10°C. reaches 
a constant particle size at the brown 
stage, and no further particle change 
occurs. 

9. The higher the water-vapor content 
in the hydrogen, the smaller will be the 
particle size of the metal obtained from 
the yellow oxide. Also, the rate of reduction 
is slower. 

to. A ‘“‘porous” tungsten is proposed to 
explain changes in particle size occurring 
after the brown oxide present is reduced. 

11. Table 5 is to be used as a yardstick 
until the entire picture is complete, 
which attempts to correlate particle 
size versus temperature for the various 
oxides and metal. 

12. The kinetics and efficiency of the 
commercial reduction process are ex- 
amined, and catalytic action is described. 

13. The generally accepted cyclic theory 
for growth of tungsten particles by water 
vapor is disputed in the light of present 
evidence. 

14. The volatilization temperatures of 
the tungsten oxides, as proposed by Meer- 
son, are critically examined. 

15. A general theory is offered to 
explain the mechanism of particle growth 
and shrinkage. 
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Iron-graphite Powder Compacts 


By ALEXANDER SQUIRE,* MremBer AIME 
(New York Meeting, March 1947) 


A BRIEF study of the effects of material 
and processing variations upon the tensile 
properties of steel formed from mixtures 
of iron and carbon was made in order 
_ to provide information regarding the 
properties obtainable in iron-carbon com- 
pacts as influenced by forming pressure, 
sintering temperature, and graphite particle 


size. Sintered steels formed from mixtures 


- of iron and graphite have been studied 
by Stern,’ who investigated the effect of 


__ various percentages of graphite on com- 


_ pacts formed from electrolytic iron that 
were repressed and heat-treated after 
sintering. A further study, by Stern and 
_ Greenberg,” is concerned with the heat- 
- treatment of steels formed by the car- 
- burization of iron compacts, and Margolies® 
_ has reported work on the simultaneous 
sintering and carburization of iron-powder 
parts. Glauch‘* investigated the effect 
of various types of graphite on the proper- 
ties of iron-carbon powder alloys but 
did not determine the effect of different 
particle sizes of the same graphite alloyed 
with different types of powder. 

In the investigation reported in this 
paper, powders typical of those produced 


2 This investigation was conducted at the 

Watertown Arsenal Laboratory, but the 
statements and opinions expressed in this paper 
are those of the author and do not necessarily 
express those of the Ordnance Department. 
-~ Manuscript received at the office of the Insti- 
tute Jan. 3, 1947. Issued as TP 2164 in METALS 


_ Trecuno.ocy, April 1947. 


*Formerly Metallurgist at the Watertown 
Arsenal Laboratory; now Materials Engineer, 
- Westinghouse Electric Corporation, Hast 
Pittsburgh, Pennsylvania. 
; 1 References are at the end of the paper. 


by electrolytic deposition and the decar- 
burization of shotted steel scrap were 
used. The powders were mixed by tumbling 
in a jar mill with graphite powder ground 
to an average particle diameter of 2, 4, 6, 
and 16 microns (as determined by micro- 
scopic measurement). The properties of the 
iron and graphite powders are presented 
in tabular form as Table 1. 

In order to obtain the maximum in- 
formation from a minimum number of 
test specimens, the study was divided 
into two sections with one set of speci- 
mens treated identically in each section 
as a basis for comparison. In the first 
section, iron powder produced by the 
shotting and subsequent decarburization 
of scrap steel was mixed with 2-micron 
graphite powder, pressed at 50,000, 100,- 
o00, and 200,000 psi, and sintered in 
hydrogen at 1200°C for the periods of 
time ranging from 15 to 120 minutes. 
In the second section of the investigation, 
electrolytic iron powder was mixed with 
graphite of an average particle diameter 
of 2, 4, 6, and 16 microns, pressed at 
100,000 psi, and sintered at temperatures’ 
ranging from 1000° to 1200°C, for periods 
of time of 30 to 180 minutes. 

By following this procedure an indica- 
tion of the effect of the following variables 
upon the density and tensile properties of 
iron-carbon powder compacts was ob- 
tained: (1) forming pressure, (2) sintering 
time, (3) particle size of graphite powder, 
(4) sintering temperature, (4) type of iron 
powder. 
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All density measurements were made _ is an average of three tests. Tensile bars 
by determining the weight and dimen- were machined from bars 234 by 3¢ by 
sions of the compacts and each point 3¢ in. and had a diameter of 0.226 in. wits 
a one-inch gauge length. 

No attempt was made to heat-treat 
the iron-graphite compacts subsequent 
_ to their removal from the cooling chamber 
Elec- of the furnace in which they were sintered. 
boats All compacts were cooled at approxi- 


TaBLE 1—Characteristics of Iron and 
Graphite Powders 


Shotted and Decarbur- | tic Graphite } 
Tene wa RN Sah a mately the same rate, which probably 


der was equivalent to that usually obtained 
by an air cool. In this condition, the 
microstructures of compacts prepared 


Chemical Analysis, Pct 


Ri ene 0.04] 0.10|Ash........ 0.27 at the different pressures and temperatures 
Soils nso 90a |) eraa| BorOrauoe, @-ax_, And with, the) different ssiac a aeea aia 
ne ae 0703) | So7o02|) Me, Cn. OV OOE = - 
Sone gee 0.024 0, Of |VAIs Os: 5. e. 101.02 powder Mes? 4 variety of mixtures of 
wet e tees ae Bees os graphite, ferrite, and fine and coarse 
et eae nN 0-43] 0.59) Cu brace pearlite. The observed strength values 
1 
Ca represent, therefore, the strengths of 
Pp bs +: g§ 
Ti ; ee 
materials cooled from the sintering tem- 
Gerenni Nn aleaiee hae perature in a’similar manner rather than 
those of materials heat-treated to the 
On to0-mesh...... 0.3] 1.6 same microstructure or hardness level. 
Through 100on 140 0.6| 10.1 
Through 1400n 200 6.8] 29.3 
Hpsoebe60 9a.279 6.7 9.7 
a sie AR A Et ti EFFECT OF PRESSURE AND SINTERING TIME 
FOR CONSTANT SINTERING TEMPERA- 
. Apparent Density, Grams per Cubic Centimeter TURE AND GRAPHITE PARTICLE SIZE 
16 microns, 0.4904 Pressure 
2.69 2.53) 6 0.421 
4 0.432 Sot é s 
3 es The principal effect of increasing the 
forming pressure (Table 2 and Fig 1) for 
Rate of Flow, Grams per Second the compacts of decarburized scrap-iron 
powder mixed with 1 pct (by weight) 


Would not flow _1I.28] Would not flow M ees ” 
2-micron graphite is an increase in density 


TABLE 2—Tensile Properties and Porosity of 99 Per Cent, Iron t Per Cent Graphite Compacts 
as Influenced by Forming Pressure and Sintering Time* 


e---_—e SSE —— 


Time, Min. 15 30 45 60 90 120 
Po- Elon- Elon- . Elon- . Elon- 
Pres- Tensile Tensile Tensile on-! Tensile °n-) Tensile Elon- sh Wy Elon- » 
rake 5 ensile 
sure, | ; St h, ga a~ a- ns a- 
Psi Pet peg tion, |S LEP tion, [Strength sion, Strength. tion, Poe alt fon, [Stength,] tion, 


ct Pct Pct Pet Pct = Det Ee Pct 


50,000] 23.5] 24,350 I 32,350 I 35,650 I 37,350 I 37,350 2 45,200 2 
100,000] 11.8] 45,400 2 60,500 4 62,450 3 65,900 4 66,600 5 72,300 5 
200,000} 6.0] 64,700 4 77,500 6 77,500 6 84,550 Gf 83,200 6 87,100 6 


*Tron powder formed by shotting and decarburizing scrap steel. Average particl 
2 microns. Sintering temperature, 1200°C. 3 * ge panicle ie ot aie 


E siderably greater than 
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and corresponding decrease in porosity, 
which results in improved tensile strength 
and elongation of the high-pressure bars 
over that of the lower pressure bars. 


§ 


60,000 


TENSILE STRENGTH P.S.J. 


40,000 


15 30 45 


° 
SINTERING TIME — MINUTES 
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types of powder and desired combinations 
of physical properties, it is more ad- 
vantageous to press compacts originally 
at a lower pressure and to repress after 


90 120 


Fic 1—TeENSILE STRENGTH VS SINTERING TIME FOR SHOTTED AND DECARBURIZED STEEL-POWDER 
COMPACTS WITH I PER CENT GRAPHITE ADDED, COMPACTING PRESSURES AS INDICATED. 


The strength increases brought about 
by raising the forming pressure are con- 
those resulting 
from increasing the sintering time (Fig 1). 
It is interesting to note that a pressure 
increase of 100 pct (50,000 to 100,000 to 
200,000 psi) caused a corresponding poros- 
ity decrease of 50 pct and a tensile strength 


-increase of approximately 20,000 psi in 
each case. 


In this investigation, powder mixtures 
capable of satisfactory compressing at 


_ the forming pressures listed were chosen 


in order to determine the effects of the 


individual variables after simple pressing 


and sintering operations without further 


Wi sa ot at eo 


processing of the compacts. For many 


sintering, as has been done by Stern? for 
purposes of consolidating and homogenizing 
the powder mixture. 


Sintering Time 


It appears from the shape of the curves 
of Fig 1 that the effect of time at sintering 
temperature for compacts pressed at all 
three of the pressures listed is approxi- 
mately the same. The increase in tensile 
strength noted at prolonged sintering 
times may probably be attributed to 
both improved interparticle bonding and a 
greater degree of diffusion of the carbon 
into the iron. The tensile strengths of 
compacts formed from the iron powder 
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without graphite additions and sintered 
for 1 hr at 1200°C are as follows: 


Tensile 


Strength, Psi Elongation, Pct 


Pressure, Psi 


50,000 21,700 2 
100,000 27,900 5 
200,000 32,000 8 


Since a curve for tensile strength vs 
sintering time of the same form as that 
shown in Fig 1 is usually obtained for 
unalloyed iron compacts, it may be 
assumed that at 50,000 psi forming pres- 
sure the improvement brought about 


TABLE 3—Tensile Properties and Porosity of 99 Per cent I ron, 1 Per Cent Graphite Compacts ® 
as Influenced by Graphite Particle Size, Sintering Temperature and Sintering Time 


IRON-GRAPHITE POWDER COMPACTS 


EFFECT OF GRAPHITE PARTICLE SIZE, — 
SINTERING TEMPERATURE, AND TYPE 
OF POWDER 


Graphite Particle Size 


The graphite particles present in the 
unpressed powder act during the com- 
pacting operation as noncompressible im-_ 
purities. These impurities may be present — - 
in the form of a few comparatively large 
graphite particles or as a multitude of 
extremely fine ones. Each of the two 
forms offers peculiar advantages during | 
the pressing and sintering of the iron- 
graphite mixture. 


a ae 


PRESSURE, 100,000 POUNDS PER SQUARE INCH 
Av Dia Graphite, Av Dia Graphite, Av Dia Graphite, Av Dia Graphite, 
16 Microns 6 Microns 4 Microns 2 Microns 

Temper- - a i 1 
ature, ry E Pp Pp { 

Deg C t | Tensile | lon) Fo- | Tensile |Blon-| Po- | Tensile ee Po- | Tensile a a 
peeegte: tion, | ity, phage: tion, ity, ak do tion ,| ity, serene tion, | ity, : 

Pct. | Pct Pct | Pct Pct | Pct Pct | Pct 

1200 “ 30,500 (0) 18 32,500 ° 16 35,000 ° 15 | 43,500 t) Le 

I 37,500 °o 16.5] 40,000 ° 18.5] 42,000 °o 14 | 49,500 ° I4 

2 47,500 2 16 47,500 I 15 50,500 2 14 | 53,000 3 13 

S 48,500 2 15 50,000 2 14 51,500 4 14 | 54,000 3 13 

I1I50 14 22,000 2 18 24,000 I 17 27,500 I 16 | 40,000 I 15 

I 29,000 I 18 33,000 I 16 36,500 I I5 | 45,000 “t 14 

2 39,000 o 17 41,000 I 16 45,000 I 16 | 48,500 2 14 

3 41,000 3 16 43,500 3 15 45,500 2 14 | 49,000 3 13 

I100 4 15,000 ts) 18 18,000 ° 16 21,000 ° I5 | 35,000 I I4 , 

I 22,000 ° 17 26,000 ° 15 30,000 I 14 | 41,000 I 14 

2 30,000 I 17 33,500 I 16 37,500 te) 15 | 44,500 I 14 

3 32,500 2 16 35,500 t 15 39,500 2 14 | 47,000 2 14 

1050 4% 14,500 2 18 17,000 2 17 20,500 2 15 | 27,500 I 15 

I 19,500 I 18 23,000 I T7 26,000 I 17 | 34,000 fo) 15 

2 24,500 2 17 27,500 I 15 32,000 I 14 | 40,000 I 14 

3 28,000 I 17 31,000 2 Is -35,000 2 15 | 44,500 I 14 

1000 % 9,000 () 16 10,000 ° 15 11,000 te) 14 | 12,500 ° 13 

I 9,000 ° 17 10,000 ° 16 12,000 to) 17 | 15,500 ° 15 

2 9,000 ° 17 10,200 7) 16 13,000 to) 14 | 16,500 t) 14 

3 9,000 () 16 10,000 o 16 12,500 °o 14 | 14,500 re) 13 


«Tron powder, electrolytic. 


by alloying with carbon is from 21,700 
to 37,350 psi, and at 100,000 psi forming 
pressure from 27,000 to 65,900 psi. In 
addition, compacts sintered for 15 minutes 
were observed to have a microstructure 
that indicated a considerable degree of 
diffusion after this period of time. 


Upon compacting, very fine particles of 
graphite present a larger surface with 
which to block iron to iron contact than 
that which is offered by coarser particles, 
since the total surface area of a given weight 
of particles is approximately inversely 
proportional to the average particle diam- 
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micron graphite, X 100. 
E. 4-micron graphite, X 1000. 


GRAPHITE POWDER COMPACTS SINTERED 3 HOURS IN HYDROGEN AT 
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SRO 


eter. This lack of iron to iron contact 
encourages the formation of pressure 
cracks. However, when only a few large 
graphite particles are present in a mix, 
there is a far greater chance of the segrega- 
tion of some of these particles in one 
portion of the compact and resulting non- 
uniformity of structure. The micrographs 


eS ti 


MP Nepean 


a 


Fic 2—ConrTINUED. ; 
6-micron graphite, X 100. 
6-micron graphite, X 1000. 
16-micron graphite, X roo. 
. 16-micron graphite, X 1000. 


presented as Fig 2 indicate the type of — 
structure that was obtained after sintering — 
the various mixtures for 3 hr at 1200°C in | 
dry hydrogen. ; - 
After the graphite has diffused into 
the surrounding iron areas, voids are 
left, which contribute to the weakness of - 
the compacts. Larger voids may be 
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SINTERING TEMPERATURE —I000 °C 


TENSILE STRENGTH 
P.S.1 


TIME — HOURS 


SINTERING TEMPERATURE—1050°C 


TENSILE STRENGTH 


TIME— HOURS 


50,000 SINTERING TEMPERATURE — 1100 °G 


TENSILE STRENGTH 
P.S 


1 
= TIME —HOURS 


SINTERING TEMPERATURE—1150°C 


TENSILE STRENGTH 


TIME — HOURS 


SINTERING TEMPERATURE — 1200°C 


i] 2 
t TIME— HOURS AVE. DIA. OF 
CARBON PARTICLES 
= 2 MIGRONS 
4 « 
% x 6 Ls 


@—D 16 
Fic 3—TENSILE STRENGTH VS SINTERING TIME FOR ELECTROLYTIC IRON-POWDER COMPACTS WITH 
I PER CENT GRAPHITE ADDED. 


= 50000 


40,000 


TENSILE STRENGTH 
P.S.1 


30,000 


ry 
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reduced in size somewhat, but to a con- 
siderably lesser degree than the smaller 
voids, so that material produced from 
coarse graphite is weaker than that formed 
using more finely divided graphite. This 
is shown by the curves of tensile strength 
plotted against time and temperature 
of sintering presented as Figs 3 and 4, 
and the data on the porosity of the com- 
pacts as tabulated in Table 3. The tensile 


50,000 


TENSILE STRENGTH —RS.L 


1000 


1050 


TEMPERATURE DEGREES GC. 


SINTERING TIME— 2 HOURS 


TENSILE STRENGTH— PS.|I. 


1000 1050 


TEMPERATURE DEGREES C. 
Fic 4—TENSILE STRENGTH VS. SINTERING TEMPERATURE FOR ELECTROLYTIC 


strengths of the materials tested are 
improved in every case as the average 
particle diameter of the graphite is re- 
duced, and the elongation is also slightly 
improved as the porosity is reduced, by 
the reduction in graphite particle size. 


Sintering Temperature and Time 


Relationships between graphite particle 
size, sintering time, sintering temperature 


IRON-GRAPHITE POWDER COMPACTS 


SINTERING TIME — 7 HOUR 


} 


7 
and tensile strength are revealed from — 
a study of the curves presented as Fig 4. 
The points plotted in this figure are 
connected by straight lines, since the 
exact response of the material to treatments © 
represented by poinis other than those 
plotted is open to some question. 

For 30-minute sinters, the strength of 
compacts formed using 2-micron graphite — 
progresses uniformly as the sintering 


oo 150 1200 


1100 1150 1200 


temperature is elevated from 1000° to 
1200°C; all compacts in which graphite 
of larger size is used increase in strength 
as the temperature is raised from r1000° 
to ro50°C but remain almost the same 
at 1100°C, after which the upward trend 
is continued. At the end of 1-hr sinters, 
the same situation prevails but the dis- 
continuity in the upward trend of tensile 
strength for the three coarser graphite 
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materials is decreased and the shape 
of the curves more nearly approximates 
that of the most finely divided graphite 
compacts. After 2 hr or more of sintering, 


50,000 


10,00 


TENSILE STRENGTH—P.S.I. 


1000 1050 
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gained by an increase in the sintering 
temperature from 1000° to 1050°C becomes 
more pronounced and the degree of the 
improvement accomplished by further 


SINTERING TIME—1 HOUR 


1150 


1200 


1100 


TEMPERATURE DEGREES C. 


SINTERING TIME —3 HOURS 


TENSILE STRENGTH—PS.I. 


TEMPERATURE DEGREES GC. 


AVE. 
CARBON PARTICLES 


DIA. OF 


o——* — 2 MICRONS 
—4 ” 


- @—® — 16 * 
IRON-POWDER COMPACTS WITH I PER CENT GRAPHITE ADDED. 


the discontinuity is almost completely 
removed. It is possible that this phe- 
nomenon may be associated with rates 
of diffusion of the graphite at temperatures 


of 1os0° and r1o0°C or to the effect of 


gaseous products resulting from the reac- 
tion of hydrogen and trapped or occluded 
gases with undiffused graphite particles. 
As the sintering time is increased from 
1g to 3 hr, the improvement in strength 


increases in temperature is reduced. No 
noticeable effect is produced by local 
melting in carbon-rich areas as the melting 
point of cast iron (1130°C) is reached. 


Type of Iron Powder 


A basis of comparison of the effect of 
the type of iron powder used in jron- 
graphite compacts is provided in the 
middle (100,000 psi) curve of Fig 1, 
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and the upper curve (2-micron) in the 
last graph of Fig 3. Comparative data 
taken from these curves are recapitulated 
below: 


Pressure 100,000 Psi Tensile 


2-micron Strength, Psi 


Graphite, Sin- 
tering Time, 


Minutes Decarburized . 
Powder Electrolytic 
30 58,000 44,000 
60 65,000 49,000 
120 68,000 53,000 


Sintering temperature, 1200°C 


It may be observed from these figures 
that for the pressure and temperature 
employed the shotted and decarburized 
scrap-steel powder showed a distinct 
superiority over the electrolytic powder. 
This superiority is also evidenced by 
data obtained in previous tests, which 
showed that this type of material gives 
better physical properties when mixed 
with carbon, but the electrolytic iron 
powder gives better physical properties 
when unalloyed or mixed with copper. 
It is possible that the different powder 
characteristics, as well as the chemistry 
of the two types, may account for the 
observed differences in reaction with 
copper and graphite. 


SUMMARY 


It was found that the strength of 
compacts of the composition 99 pct iron, 
1 pct graphite, formed using graphite of 
four different average particle sizes, was 
increased as the particle size was reduced. 
Compacts in which the graphite average 
diameter was only 2 microns showed con- 
siderable superiority over compacts in 
which the graphite was coarser, particu- 
larly at sintering temperatures of 1050° 
and 1100°C, 

Increases in the sintering time brought 
about the greatest increase in tensile 
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strength between the temperatures of 
1o00° and 1os5o0°C for all four graphite 
particle sizes. Temperature increases above 
1050°C resulted in further slight increases 
in tensile strength. 

An increase in the compacting pressure 
was found to raise the entire curve of 
tensile strength vs. sintering temperature. 
A 20,000-psi tensile-strength raise was 
accomplished both when the pressure 
increase was from 50,000 to 100,000 psi 
and when it was from 100,000 to 200,000 
psi. The additional strength gained by 
adding 1 pct graphite to compacts pressed 
at 200,000 psi was very much greater 
than that gained by adding 1 pct graphite 
to compacts pressed at 100,000 or 50,000 
psi. 

The microstructure of sintered compacts 
was observed to be influenced very little 
by the particle size of the graphite. Slightly 
larger voids were in evidence in material 
formed from the more massive graphite. 

The strength of compacts formed from 
iron powder produced by the shotting 
and decarburization of scrap steel was 
found to be superior to that of compacts. 
pressed from electrolytic powder. 
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DISCUSSION 


DISCUSSION 
(R. P. Koehring presiding) 


C. Samans*—I wish to ask Mr. Squire if 
he noted any tendency for the graphite to 
interact with the oxide particles in making 
these tests. 

We have also done some work with iron- 
carbon compacts, but principally those in 
which the carbon was in the form of diamonds 
instead of graphite, and we encountered, in 
some of that work, certain peculiarities which 
have not yet been fully explained. 

We were running with an appreciably 
higher carbon content, about 3 pct, and hence 
we expected to get a liquid phase under the 
sintering conditions used. When that liquid 
was formed, however it seemed to be blown 
out under some kind of internal pressure. 

There were only two explanations we could 
give for the reaction. One was the action of the 
carbon and oxide, forming carbon monoxide 
gas and the other was vaporization of the 
diamond. We were rather reluctant to accept 
the theory of the vaporization of the diamond, 
but on the other hand, the interaction seldom 
if ever occurred when graphite was substituted 
for the diamonds. 


A. SourrE (author’s reply)—We did not 
notice any direct tendency to form a liquid 
phase in this work, but we do believe that the 
graphite did react with oxide on the surface of 
the iron and possibly also oxide inclusions, 
because in each case the final compact had less 
than one per cent of carbon. 

Sometimes the carbon content was as 
low as 0.85 to 0.90 pct, and that carbon had 
to go somewhere. We believe that it reacted 
with the oxide film and oxide inclusions. 
That would also explain, to some extent, the 
large areas of free ferrite that occurred in these 
compacts rather than pearlite plus cementite. 


F. V. Lenet{—The question I should like 
to ask Mr. Squire concerns the higher strength 
of compacts molded from iron powder pro- 
duced by shotting and decarburization of steel 
scrap as compared to compacts molded from 
electrolytic iron. Is there any evidence in the 


* American Optical Company, Southridge, 
Mass. : 
+ General Motors Corp., Dayton, Ohio. 


483 


microstructure, such as the amount of com- 
bined carbon or the distribution of combined 
carbon, which would account for this difference 
in strength? 


A. SgurreE—The microstructure of all 
compacts appeared to be about the same. 
In every case we obtained mixtures of fine 
and coarse, pearlite, ferrite and a little free 
graphite that ‘had not combined. The micro- 
structure did not show the reason for this 
improved tensile strength for the decar- 
burized iron powder over the electrolytic. 
I have no reason to offer for that increase. 


A. J. SHALER*—I want to ask the author 
whether he attributes the improvement in 
the tensile strength of compacts in which 
there was 1 pct of carbon added over those 
in which there was no carbon to the properties 
of the steel that was formed. If not, was it 
the result of the lowering of the melting point 
caused by carbon going into solution into the 
iron? 


A. SgurrE—I do not quite see why the lower 
melting point caused by the carbon addition 
should affect the sintering. 


A. J. SHALER—It would improve the sinter- 
ing by doing the equivalent of raising the 
sintering temperature. You would therefore 
get better sintering. 


A. SquirE—No, it is possible that the im- 
provement may be attributed to the lowering 
of the melting point but I would consider the 
major factor to be the strengthening of the 
iron particles by the addition of carbon. 


J. C. Danec{—There are two characteristic 
differences between the metal powders used 
by Mr. Squire in the subject paper that may 
contribute some reason for the apparent 
superiority in tensile properties of the de- 
carburized scrap-steel powder as compared 
to the electrolytic powder. These are chemical 
purity and particle size. The chemical analysis 
data, as given in Table 1 of the paper, show 
the electrolytic iron to total 1.16 pct impurities 
whereas the corresponding summation for the 
scrap-steel powder is 0.90 pct. Perhaps the 


* Massachusetts Institute of Technology, 
Cambridge, Mass. 
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most important difference between these two 
powders lies in their particle size as determined 
by a screen analysis. The electrolytic iron 
contains appreciably more of the coarser 
fractions and approximately only half as 
much was minus 325-mesh. Since the particle 
size of the graphite was shown to have an 
important effect on tensile properties of iron- 
graphite mixtures, it seems reasonable that 
the size and size distribution of the iron 
particles would be important. 

These considerations appear to be consistent 
with Mr. Squire’s paper on Density Relation- 
ships of Iron-Powder Compacts (see following 


IRON-GRAPHITE POWDER COMPACTS 


page, this volume). In this paper Mr. Squire 
shows that density measurements bear closer 
relations to some of the measurable properties 
of metal powder compacts. The specific 
effects of chemical purity and particle size 
distribution would be reflected in density 
determinations. 


. 


py 


A. SquirE—It is quite reasonable that the 
finer iron powder would give stronger sintered 
pieces, but the magnitude of the difference in 
strength between the two types of powder 
is too great to attribute merely to particle 
size or purity differences. 
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Density Relationships of Iron-powder Compacts 


By ALEXANDER SQUIRE,* MEMBER AIME 
(New York Meeting, March 1947) 


ONE of the principal factors that have 
contributed to the hesitancy of design 
engineers to use metal-powder parts 
is the difficulty experienced in the deter- 
mination of the mechanical properties 
of compacted components. Because stand- 
ard test methods cannot usually be 
applied in the inspection of such parts, 
and because adequate special test methods 
have not been developed, it has been 
considered desirable to investigate the 
methods that are applicable. These may 
then be included in specifications for 
metal-powder materials and components 
in order that the design engineer may be 
assured that the subject parts possess 
the desired mechanical properties for satis- 
factory performance. 

It is known that direct relationships 
exist between usually nonmeasurable prop- 
erties as tensile strength and elongation 
and shear strength and the angle through 
which compacts may be plastically de- 
formed before fracturing. These correla- 
tions are valuable in the inspection of 
specific parts, but it is necessary to set up 
standards before they may be satis- 
factorily employed. Apart from the use 
of correlations, the number and character 


This investigation was conducted at the 
Watertown Arsenal Laboratory, but the state- 
ments or opinions expressed in this paper are 
those of the author and do not necessarily 
express those of the Ordnance Department. 
Manuscript received at the office of the Insti- 
tute Jan. 3, 1947. Issued as TP 2165 in METALS 
TrcHNoLoGy, April 1947. 

* Formerly Metallurgist at the Watertown 
Arsenal Laboratory; now Materials Engineer, 
Westinghouse Electric Corporation. 


of the inspection methods that are ap- 
plicable to almost all powder parts is 
limited to three—chemical analysis, den- 
sity, and hardness. The last of these may 
or may not be a pertinent characteristic, 
since the indentation hardness of many 
powdered-metal materials is‘so low as to 
have little significance. It is, however, 
occasionally desirable to use hardness 
measurements as an indication of the 
uniformity of the structure of pieces of a 
given type. Chemical analysis reveals 
very little about the physical properties 
of metal-powder compacts, since the 
unpressed powder is usually of a com- 
position almost identical with that of the 
finished pieces. 

Density determinations are simple to 
perform and have the advantage of being 
nondestructive in character. If the dimen- 
sions of a machine part are known (and 
usually they are), the average density 
may be determined by weighing a given 
number of pieces and dividing by the cal- 
culated volume of the parts. More accurate 
measurements may be made by the water- 
displacement method. It is recognized 
that mechanical properties of metal-powder 
materials are related to their density, but 
usually these relations are determined for 
only one type of powder, processed under 
a given set of conditions. Comparisons 
of the properties of compacts formed 
from different types of powders are made 
on the basis of compacting pressures 
instead of density, and for this reason 
the results obtained by using powders 
of different types appear widely variant. 


485 


486 


Since it is recognized that mechanical 
properties and density are related, and 
since many different types of powder 
are available, it was considered desirable 
to determine the effect of variations in 
the density of compacts formed from 
several types of iron powder upon the 
properties of these compacts in order 
to discover if or with what degree of 
accuracy density may be used as a criterion 
of mechanical properties without considera- 
tion of the type of powder used. If relations 
of this type are established, the problem 
of inspection is simplified and greater 
uniformity of products may be assured. 


DENSITY RELATIONSHIPS OF IRON-POWDER COMPACTS 


what to an understanding of the factors 
involved in the pressing of powdered-metal 
compacts. 


Test METHODS AND MATERIALS 


In the first part of this investigation 
six iron powders obtained from different 
sources and with different characteristics 
(Table 1) were pressed at various pressures 
calculated to produce compacts ranging 
in density from 4.8 to 7.5 grams per 
cubic centimeter. These compacts were 
formed in a collapsible mold to approxi- 
mately 3g by 3¢ by 234-in. dimensions 
and subsequently were sintered for 1 hr 


TABLE 1—Characteristics of Iron Powders 


POwMeruNO. ac vtee coieiele cit b tain Cente | I | 2 3 | 4 | 5 | 6 
Chemical Analysis, Pct 

C 0.19-0.18 0.02 0.04 0.04 0.08 0.02 
Mn 0.18 0.34 0.0 0.14 0.25 ° 
Si 0.075 0.20 0.01 0.17 0.10 t7) 
Ss 0.022 0.009 0.012 0.009 0.23 0.008 
1g 0.005 0.007 0.003 0.019 0.007 0.002 
Ni 0.09 0.06 ° ts) 0.045 Trace 
Cr 0.03 0.04 ° 0.03 0.03 0.03 


Screen Analysis, Pct 
i a a ee 


+100 oO. 


05 0.35 T.2 ° 1.8 1.5 

—100+140 7.40 4.2 15.4 ° 5.9 8.5 

—140+200 23.25 29.6 39.5 ° 34.25 24.8 

—200+270 9.75 9.9 10.4 0.05 10.65 9.8 

—270+325 12.35 13.5 11.8 0.15 14.15 14.0 

—325 46.80 43.0 22.0 99.45 32.75 41.2 
Apparent density, grams per cc......... 1.71 2.27 2.88 2.79 2.67 2.52 
Tap density, grams percc............. 2.55 2.75 3.30 4.28 3.05 3.52 
Specific surface, sq cm per gram,........ 1,059 522 235 1,460 488 530 
Flow rate, grams per sec...........0005 ° 7) 1.50 ° 1.86 1.06 

ee Nt 


In addition, a study of the effect of 
die configuration and frictional forces 
on the density was considered desirable, 
since little has been published on this 
subject, apart from a brief study of the 
effect of die and powder lubricants on the 
variation in density through a compact 
by Seelig and Wulff.1 In addition, Unckel?* 
has attempted to determine the magnitude 
of the die wall and powder frictional 
losses by a rather original method. ’Bal- 
shin’s* work has also contributed some- 


1 References are at end of paper. 


at r1oo°C (2012°F) in a hydrogen-at- 
mosphere electric furnace. Following the 
determination of the tensile, impact, and 
hardness properties of these bars, a 
second set was formed and sintered at 
1o0o0°C  (1832°F) in order to ascertain 
whether the relationships existing at 
the lower temperature were as dependable 
as those found at 1100°C (201r2°F). Tensile 
tests were made on a machined bar of 
0.226-in. diameter and 1-in. gauge length, 
and a 0.375 by 0.375-in. unnotched 
Charpy bar was used for impact tests. 
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Fic 1—DENSITY VERSUS PRESSURE FOR IRON COMPACTS FORMED FROM SIX TYPES OF POWDER 
SINTERED ONE HOUR AT 1100°C. 
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Fic 2—TENSILE STRENGTH VERSUS PRESSURE FOR IRON COMPACTS FORMED FROM SIX TYPES OF 
POWDER SINTERED ONE HOUR AT II00 Cc. 
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Fic 3—RESISTANCE TO IMPACT VERSUS PRESSURE FOR IRON COMPACTS FORMED FROM SIX TYPES 
OF POWDER SINTERED ONE HOUR AT 1100°C. 
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Fic 4—TENSILE STRENGTH VERSUS DENSITY FOR IRON COMPACTS FORMED FROM SIX TYPES OF 
POWDER SINTERED ONE HOUR AT 1100°C, 
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Since the slight variations in the curves 
for mechanical property vs density for 
the six types of iron powder were thought 
to be caused by considerable differences 


ELONGATION VERSUS DENSITY 
FOR IRON COMPACTS 
FORMED FROM SIX TYPES 
OF POWDER SINTERED ONE 
HOUR AT |1100 DEGREES C. 


ELONGATION-— PER CENT 


similar to that used for the standard 
types of powders. 

The six iron powders used in this 
part of the investigation were as follows: 


DENSITY — GRAMS PER C.C. 


Fic 5—ELONGATION VERSUS DENSITY FOR IRON COMPACTS FORMED FROM SIX TYPES OF POWDER 
SINTERED ONE HOUR AT 1100°C. 


in particle-size distribution, this factor 
was eliminated by separating from two 
of the powders the particles in the range 
—140 + 200, and —325-mesh. These frac- 
tions were then processed in a manner 
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. Carbon monoxide-reduced mill scale. 
. Hydrogen-reduced iron oxide. 

. Hydrogen-reduced mill scale. 

. Electrolytic iron. 

. Electrolytic iron. 
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6. Electrolytic iron. O. 500-in. diameter die with a barrel 6 in. 
The characteristics of these powders long was designed. In order to permit 
are listed in Table 1. both double-action and single-action press- 


The second part of the experimental ing, spring and solid bases were provided. 


HARDNESS VERSUS DENSITY 
FOR IRON COMPACTS 
FORMED FROM SIX TYPES 
OF POWDER SINTERED ONE 
HOUR AT 1100 DEGREES C. 
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DENSITY — GRAMS PER C.C. 


Fic 6—HARDNESS VERSUS DENSITY FOR IRON COMPACTS FORMED FROM SIX TYPES OF POWDER 
SINTERED ONE HOUR AT 1100°C, 


work called for the formation of compacts The use of the spring base permits double- 
of varying dimensions at several pressures. action pressing from both top and bottom 
Since the easiest dimension to vary was by virtue of the fact that the application 
the ‘over-all thickness of the compact, a of pressure on the top plunger builds 
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up a slight friction inside the mold and 
forces the mold body down into the 
spring base. The lower punch is supported 
at the bottom of the base and therefore 
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ring mold used for pressing pieces 1.000 in. 
o.d. by 0.785 in. i.d. 

Rectangular compacts were pressed 
in segment molds. The surface finish 
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DENSITY — GRAMS PER C.C. 


Fic 7—RESISTANCE TO IMPACT VERSUS DENSITY FOR IRON COMPACTS FORMED FROM SIX TYPES 
OF POWDER SINTERED ONE HOUR AT I100 dey 


cannot move, but it exerts pressure on 
the powder in the lower section of the 
die barrel. Plungers of various lengths 
were used in the formation of the com- 
pacts of different thicknesses. 

The compacts were pressed out of the 
mold by using a slotted base, and pushing 
out from the top with an undersize plunger. 
The o0.500-in. diameter compacts were 
the only size for which a series of tests 
with both a lubricated and an unlubri- 
cated die was used and also the only 
size for which compacts were pressed 
from two directions as well as from one 
direction. Other round dies were con- 
structed in the same manner, however, 
and compacts pressed and ejected in the 
same way. This also held true for the 


of all of these was approximately the 
same, in order that the coefficient of 
wall friction might be held as constant 
as possible. The effect of die lubricants 
upon the coefficient of friction was deter- 
mined by a comparison of compacts 
formed in the o.soo-in. diameter die with 
and without oleic acid lubrication. 

The powder used in all the work on the 
influence of dimensions was powder No. 1 
listed in Table 1. 

All figures reported are an average 
of three measurements, and for all deter- 
minations of density except that of the 
variation in density through a compact 
the pieces were weighed to an accuracy 
of o.or gram and the dimensions deter- 
mined to the nearest 0.001 in. The density 
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was then calculated from these figures. 
In order to ascertain the variation in 
density from the top to the bottom of a 
compact, the following method was used: 

1. The height and weight were deter- 
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produce compacts of various densities. 
The pressures used and the density that 
resulted for each type of powder are 
shown by the points plotted in Fig 1. 
The mechanical properties were related to 


DENSITY — GRAMS PER C.C. 


Fic 8—TENSILE STRENGTH VERSUS DENSITY FOR IRON COMPACTS FORMED FROM SIX TYPES OF 
POWDER SINTERED ONE HOUR AT 1000°C. 


mined. (The diameter was the same -in 
each case.) 

2. The thickness of the section whose 
density was to be determined was machined 
off, 

3. The 
measured. 

4. The density of the removed section 
was calculated from the difference in 
the measurements. 


height was reweighed and 


RELATIONSHIP BETWEEN DENSITY AND 
MECHANICAL PROPERTIES OF IRON- 
POWDER COMPACTS 


As mentioned earlier in this paper, six 
types of iron powder were compressed 
at a series of pressures calculated to 


the pressure according to the curves 
drawn in Figs 2 and 3. It appears, from 
a study of these curves, that each type of 
powder must be considered independently 
and that the results of tests performed 
on compacts formed from various grades 
are not comparable. 

If, however, the properties of the 
compacts are considered in relation to 
their density, as in Figs 4, 5, 6, and 7, 
they are found to be of a comparable 
nature. In these figures the results of 
tests by means of which the tensile strength, 
elongation, hardness, and resistance to 
impact were measured are plotted against 
the density of compacts formed from 
the six types of powder. It is evident 
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that, although the plotted points do not 
fall on a single curve, there is sufficient 
evidence to conclude that density may 
be used as a criterion of the mechanical 
properties of the iron compacts tested. 
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the lower limit of density for a part of 
given properties. Fig 4 shows the tensile 
properties are, roughly speaking, directly 
proportional to the density, as is the 
hardness (Fig 6). The elongation and 


ELONGATION VERSUS DENSITY 
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FORMED FROM SIX TYPES 
OF POWDER SINTERED ONE 
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Fic 9—ELONGATION VERSUS DENSITY FOR IRON COMPACTS FORMED FROM SIX TYPES OF POWDER 
SINTERED ONE HOUR AT 1000°C. 


The shape of the curves that show 
these relations is important, for a knowl- 
edge of them enables the purchaser of 
powder parts to specify intelligently 


resistance to impact, however, are e€x- 
ponential functions of density, and it is 
therefore necessary for close control to be 
exercised over the density as the ductility 


494 


and impact resistance requirements are 
raised. 

Since it is more difficult to produce 
metal-powder compacts with good ductility 
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sintered at 1100°C are also maintained 


in material sintered at a lower tempera- — 


ture, a series of compacts similar to the 
first series was sintered at 1000°C (1832°F) 
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FIG 10—TENSILE STRENGTH VERSUS DENSITY FOR IRON-POWDER COMPACTS SINTERED ONE HOUR 
AT r1100°C, 


than it is to produce material with high 
tensile strength, the tensile elongation, 
ability to be bent or other similar method 
of measuring ductility is probably a more 
significant criterion for dividing powder 
materials into classes than is the tensile 
strength. Density measurements on fin- 
ished parts provide a simple and accurate 
check on whether the material can possess 
the specified ductility. It cannot be used 
as the only check, of course, for dense 
material incompletely or incorrectly sin- 
tered does not have good ductility. All 
the compacts that were tested to obtain 
the data plotted in Figs 4 to 7 were 
sintered for 1 hr at 1100°C (2012°F). 

In order to ascertain whether the 
relationships found to exist for material 


and tested. It is considered unnecessary to 
include a complete series of curves showing 
the manner in which density affects the 
properties of iron compacts sintered at 
this lower temperature, since they are of 
a shape very similar to those given for 
the 1100° material. This can be seen 
by a study of Figs 8 and 9, which demon- 
strate the relationships between tensile 
strength, clongation, and density. 

There appears to exist in the figures 
discussed in the preceding paragraphs 
a degree of scatter in the points plotted 


for the various types of powder. A com- | 


parison of the characteristics of the 
powders with the amount of variation 
from the mean curves reveals that the 
points that fall farthest from the average 
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were obtained in tests of compacts formed 
from powders whose average particle 
size was considerably different from that 
of the other powders. This is particularly 
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a hydrogen-reduced and an electrolytic 
iron powder. Compacts pressed from 
these fractions and sintered for 1 hr at 
1100°C were tested, and the values 


ELONGATION —- PER CENT 


DENSITY — GRAMS PER C.C. 


Fic 11—ELONGATION VERSUS DENSITY FOR IRON-POWDER COMPACTS SINTERED ONE HOUR AT 
° 
r100°C. 


evident in the case of tensile strength, 
for which the curve for compacts formed 
from a powder that passed through a 
325-mesh sieve is several thousand pounds 
higher than the average curve. 

It was considered that this variation 
could easily be checked by separating 
certain sieve fractions from two types of 
powder and testing bars pressed from 
these fractions. Accordingly, the powder 
fractions that passed through a 140-mesh 
sieve but remained on a 200-mesh sieve 
and that which passed completely through 
a 325-mesh sieve were separated from 


TaBLE 2—Properties of Sieve Fractions 


of Iron Powders 
Sel LAS Mei ee oe 
F Hydrogen- 
Type of Powder...... Electrolytic bedaced 
—140 140 
i ; —325- —325- 
Sieve Fraction........ a 206 San a Joe Reis 
Apparent density, 
Grams Pemces= weenie 2.11 -| 2.42, |-2.25 | 1,99 
Tap density, grams 
ty oo eg arena bee 3.01 | 3.68 | 2.94 |-3-17 
Flow rate, grams per ; 
BECuauinn pave pau 2.17. Oo | 1.94 Co} 
Specific surface, sq cm 
per gram.........+. 349 822 288 756 
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found for the mechanical properties were 
plotted against the density of the material. 
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curves probably are more pertinent than 
those that include a wide variety of 


Figs 10 to 14 show the relationships for powders. ri 
tensile strength, elongation, hardness, The curves in Fig’ 10 demonstrate 
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DENSITY-GRAMS PER C.C. 
Fic 12—HARDNESS VERSUS DENSITY FOR IRON-POWDER COMPACTS SINTERED ONE HOUR AT 1100°C, 


resistance to impact, and modulus of 
elasticity for these compacts. Since manu- 
facturers of powder parts usually specify 
within fairly close limits the desired 
sieve analysis for powders from which 
they are to produce compacts, these 


that the tensile strength of compacts 
formed from the two sieve fractions is 
different but that points for similar sieve 
fractions for both types of powder fall 
on the same curve within experimental 
error. Figs 11 and 12 reveal that the 
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elongation and hardness of compacts 
are essentially independent of: particle 
size, and this corroborates the data ob- 
tained from tests of the six types of powder. 
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The modulus of dense compacts is the 
same as that of wrought iron and steel, 
while that of porous compacts drops off 
appreciably. 
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- Fic 13— RESISTANCE TO IMPACT VERSUS DENSITY FOR IRON-POWDER COMPACTS SINTERED ONE HOUR 


AT 1100°C. 


The resistance to impact, however (Fig 13), 
is influenced by particle size and powders 
of similar particle size manufactured by 
widely different methods produce compacts 
of similar resistance to impact when formed 
to similar density. 

The modulus of elasticity, plotted 
against density in Fig 14 is, like elongation 
and hardness, not a function of particle 
size. In all the tests performed for this 
study of the effect of density, the elastic 
modulus was observed to be greatly in- 
fluenced by the density of the material. 
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INFLUENCE OF DIMENSIONS ON DENSITY OF 
Tron COMPACTS 


Property Relations 


As long as a powder compact has any 
porosity, there is the possibility and gener- 
ally the probability that this porosity is 
unevenly distributed. Uneven distribution 
of porosity is accompanied by a variation 
in the mechanical properties of the material. 

The nonuniform density to be found in 
most powder compacts is directly attrib- 
utable to two types of friction: (1) 
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interparticle friction within the powder 
aggregate, and (2) wall friction between the 
powder particles and the sides of the mold. 
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greater the pressing area with relation to 
its thickness, the higher the density. This 
is directly attributable to the decrease of 
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Fic 14—MOopvuLUs OF ELASTICITY VERSUS DENSITY FOR IRON-POWDER COMPACTS SINTERED ONE 
HOUR AT r100°C. 


Both of these types of friction increase with 
increasing pressure and have the same 
effect upon the density of a section of com- 
pacts. The identification of any inhomo- 
geneity with one or the other of the two 
causes is difficult and of only secondary 
interest, since the end results are identical. 

A consideration of the geometry of 
simple cylindrical shapes reveals that ‘the 


mold and powder friction as the compact 


vomit 


pressing area is increased. Either reducing ~ 


the height for a given diameter or increas- 
ing the diameter for a given height will 
effect an increase in density for compacts 
formed at the same unit pressure. 

The first effect is illustrated in Fig rs, 


which is a plot of points showing the re- 


lationship between density and diameter of 
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cylindrical compacts pressed to a thickness and enable the formation of compacts of 


of 0.250 in. at various pressures. The same _ greater or less density. It is apparent from 
lot of powder and sintering conditions were a study of Fig 15, however, that the re- 
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LUBRICATED SINGLE-ACTING MOLD AND SINTERED ONE HOUR AT 1100°C, 


used for each piece and the mold working lationship between the coordinates is very 
surfaces had approximately the same finish. _ well defined. 

The use of an exceptionally well polished The second effect is illustrated in Fig 16. 
mold, or of a mold that is badly scoured Compacts 14 in. in diameter were pressed 
will, of course, change the frictional losses _ to various thicknesses ranging from 0.125 


500 


to 1.125 in. It was not possible to press 
compacts of greater thickness than 1}¢ in. 
in the unlubricated mold without danger 
of badly scouring the barrel. The intro- 
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plicity in calculating the density of flanged — 


pieces, it is well to consider the pressing 
area as that of a single punch. When the 
ratio of wall area to pressing area (desig- 
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Fic 17—Density vs. W/P RATIO FOR IRON COMPACTS PRESSED TO A THICKNESS OF 0.250 INCH. _ 


duction of lubricants changes the coefficient 
of friction, as is discussed later in this 
section. The limited number of points in 
Fig 16 show, however, that the thickness 
of a compact of a given diameter has a 
direct bearing on the density, and hence 
on the properties of the piece. 

As long as there is a comparable dimen- 
sion, such as thickness or diameter, in the 
consideration of a group of compacts, it is 
possible to plot the effect of the other 
dimensions upon the density, as has been 
done in Figs r5 and 16. If, however, this 
relationship is to be useful in determining 
densities of compacts of unusual con- 
figuration, a basis of universal comparison 
must be chosen. Such a basis may well be 
taken as the ratio of the wall area of the 
compact to the pressing area. For sim- 


nated for convenience as the W/P ratio) 


is increased, the density is decreased. For 


example, the W/P ratio for a solid cube 
with 1-in. sides is 4:1 and this cube would 
have a density d,. If a cube with a longi- 
tudinal hole 14 in. square in the center is 
pressed, the W/P ratio is 5.3:1, since the 
wall area has been increased by the area of 
the walls of the hole one square inch, and 
the pressing area has been reduced by the 
cross-sectional area of the hole (14¢ sq in.). 
The W/P now, therefore, is 5 over 1544 or 


5¥$:1 and the density d,, is proportionately 


lower than the cube density dj. 

The use of the W/P ratio is shown in 
Fig 17, in which the points of Figs 15 and 
16 are replotted with the ratio instead of 
the dimension as abcissa. In addition, this 
figure includes compacts pressed at 100,000 
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and 150,000 psi and data obtained using 

not only round but also rectangular molds 

in which compacts were pressed to 0.250-in. 

thickness. In all cases the relationship 
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The fact has already been mentioned 


that the curves in Figs 15 to 18 are good 
only for one type of powder pressed in dry, 
unlubricated molds. The influence of mold 
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Fic 18—DeEnsity vs. W/P RATIO FOR IRON COMPACTS OF DIMENSIONS SHOWN IN TABLE 3 PRESSED 
AT 50,000 POUNDS PER SQUARE INCH AND SINTERED ONE HOUR AT 1100°C, 


holds good within the limits of the shapes 
used. Fig 18 shows the curve for 50,000 psi 
in Fig 17, with the addition of points ob- 
tained by measuring the density of bars 
and disks of the dimensions given “in 
Table 3. 


TaBLE 3—Dimensions of Compacts Used to 
Obtain Data in Figure 18 


: INCHES 
3X1xX# 4X4%X 
3a 5x4 4x¥%x% 
Bee Ti 26 4X%x# 
a 1X 34 4X4X% 
306 1X 1 
3X1X 18 3X%X 
3X % X 74 
234 X 3% xX 3XMuMXw 
234 X 36 X 14 - 
23g X 38 X 0.785 dia. X 
234 X 38 X 34 0.785 dia. X 4 
0.788 dia. x 3g 
1.000 See 6) 0.785 dia. X 34 
1.000 dia. 
1.000 dine S04 0.5 dia. X #6 
1.000 dia. X 34 0.5 dia. X 4 
1.000 dia. X I 0.5 dia. X 14 
1.000 dia. X 134 


0.375 dia. X 4 

0.375 dia. X 4 
Mold limitations prevented the formation 
of compacts with W/P ratios of more than 
4.5, but there is every reason to believe 
that the relationship between density and 
W/P holds good over a rather wide range. 


lubrication is shown by Fig 19, in which 
the density of lubricated and unlubricated 
compacts is plotted against both the over- 
all height and the W/P ratio. Lubrication 
permits the formation of as dense a com- 
pact with a ratio of 8.0 as can be made 
with a ratio of 0.6 in an unlubricated mold. 
The difference in the slope of these two 
lines shows still further how great a role 
the wall friction of the die plays in 
determining the over-all density of the 
compact. 

Another factor in pressing that influences 
the density of the product is shown in the 
upper two cutves of Fig 19. The top curve 
relates density to W/P ratio for compacts 
pressed from both top and bottom simul- 
taneously, while the second curve is for 
compacts pressed from the top only. There 
is surprisingly little difference in the slope 
of the two lines for the o.500-in. mold 
used. It was found that the density of com- 
pacts of other dimensions pressed from one 
or two directions in lubricated molds was 
in quite close agreement with the values 
given in Fig 19. 
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Thus far in this report the densities re- 
ferred to have been over-all or average 
densities for the compacts considered. It 
is these average densities that are in 

6.5 
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ward the bottom for pieces pressed from 
only one direction. The distribution of 
density in o.50o-in. diameter compacts is 
shown in Fig 20, and it may be seen that 
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FIG 20—DENSITY DISTRIBUTION IN 0. 500-INCH DIAMETER COMPACTS OF VARIOUS LENGTHS PRESSED 
FROM TOP ALONE AND FROM BOTH TOP AND BOTTOM. 


straight-line relationship to the W/P 
ratio of the compacts. The density of any 
given compact is, however very seldom 
uniform from top to bottom but varies 
toward the center of the compact for 
pieces pressed from two directions, or to- 


even pieces 0.125 in. thick are slightly 
more porous toward the center than they 
are at the surfaces of the compact. The 
density at the center of a compact 1.0 in. 
thick pressed from top and bottom was 
found to be approximately the same as the 


. 
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‘density at the bottom of a 0.500-in. com- 
pact pressed from the top only. This fact 
must be recognized and due allowance 
made in calculating density. 


Significance of Density—W/P Ratio 
Relationships 


The relationship between the dimensions 


-and the density of compacts formed at a 


given pressure from a given type of powder 
should prove to be of direct use to the 
designer, manufacturer, and user of metal- 
powder parts. A great deal more investi- 
gation is necessary in this field before the 
limitations and the modifications of the 
curves presented in this report are fully 
realized, but some of the advantages are 
immediately apparent. 

It is known that density is a most im- 
portant factor in determining the mechan- 
ical propeities of powder compacts. It is a 
simple matter to section any compact and 
by measuring the density to predict with a 
fair degree of accuracy (+5 pct) the tensile, 
impact, and hardness properties of any 
section. The relationships between density 
and mechanical properties hold not only 
for iron but also for hardened steel com- 
pacts, and it is reasonable to expect the 
same sort of co1relations with other alloys. 

It is unfortunate, however, that this 
method of property determination can be 
performed only after the compact has been 


_ formed in the die and cannot be made on a 


piece machined from a solid powdered- 
metal slug. Most designers are interested in 
the properties of the compact before the 
expense of making a die has been incurred 


and are unwilling to incorporate compacts 


i ot ey a eae 


- with unknown properties into their struc- 


tures. An analysis of the part on the basis 
of W/P ratio will enable the designer to 
predict the properties while the part is 
still in the blueprint stage and to modify 
the design accordingly, if necessary. For 
example, a part with two different sections 
might be under consideration. The W/P 
ratio for the main body of the piece and 
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also for the projection can be calculated 
and the relative density of the two sections 
predicted by reference to the curves in 
Fig 18. From these density values, the pro- 
perties of the sections may then be ascer- 
tained by reference to curves relating 
mechanical properties to density. The 
exact allowance that should be made for 
the area common to both sections is not 
known, but it is possible that this small 
area may be ignored without changing the 
results appreciably. 

The introduction of the use of this 
method of density determination will 
permit a broader concept of the effect 
of die construction on the strength char- 
acteristics of powder compacts, hence a 
greater understanding of the correct 
applications of powder parts. It is probable 
that the curves presented in this report 
are correct only for the type of powder 
used for the experiments, since apparent 
density, particle size and compressive 
ratio are bound to affect the density of 
pressed compacts. This work is pre- 
sented therefore as an indication of what 
can be done in the way of predicting the 
properties of powder compacts rather 
than as a complete study in this field. 
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DISCUSSION 
(R. P. Koehring presiding) 


S. Tour*—Mr. Squire has investigated a 
most important aspect of the use of powder 
metals. His data and some of his unique 
experimental methods should be of value in 
future work. 

Mr. Squire’s stated object is to determine 
the degree of accuracy with which density 
may be used as a criterion of mechanical 
properties without consideration of the type of 
powder used. It is believed that the curves 
drawn by Mr. Squire in presenting his data 
are somewhat misleading and that perhaps 
density is no better criterion of mechanical 
properties than pressing pressures. 

Examination of Mr. Squire’s Fig 1, which 
shows the relationship between density and 
pressure, shows that the spread of density 
for any given pressure ranges within +10 pct 
of the median value of that pressure level. 
If, in Fig 2, the curve for powder No. 5 is 
omitted, the average spread of tensile strength 
for any given pressure level is in the range of 
+ Io pet. 

In Fig 4, which shows the relationship 
between density and tensile strength, it can 
be seen that the range of tensile strength for any 
given density will vary from +30 pct at low 
levels to +10 pct at higher strength levels of 
40,000 psi. In Fig 6, which shows the rela- 
tionship between hardness and density, the 
range of hardness for any given density level 
ranges from +10 pct to +50 pct. 

Thus it can be seen that, if these data are 
evaluated on the basis of statistical variations 
rather than by arbitrarily drawn curves, two 
new conclusions seem to be indicated: 

1. Variations in density and _ physical 
properties for a given density are so great 
that the use of density alone as a criterion 
of physical properties is not justifiable. 

2. Density is no better criterion of physical 
properties than is the pressing pressure. 

An evaluation, currently being carried 
out in the writer’s laboratories, of the German 
work in powder metallurgy during. the war 
has revealed that the Germans found sub- 
stantial differences in pressing properties in 
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different lots of iron powder made from the 
same powder production method. 

In the analyses of the powder used by Mr. 
Squire, it would seem that the analysis of 
powder No. 3, which has been identified as a 
hydrogen reduced mill scale, shows an analysis 
more generally associated with electrolytic 
powder. Mr. Squire’s powders No. 4 and No. 5 
show manganese and silicon contents that are 
more nearly those of mill scale or iron oxide 
reduced powders rather than electrolytic 
powders. 


A. Squrre (author’s reply)—Mr. Tour’s 
comments are welcomed by theauthorsince they 
show that some time has been spent in studying 
the relationships reported in this paper. 

The compositions of the various powders 
might indicate that they were not of the 
type given in Table 1, but in all cases the 
manufacturer’s word was taken for the method 
used in the production of the several powders. 
Mr. Tour’s own statement regarding the 
differences in pressing properties of different 
lots of powder made by the same method is 
sufficient reason for using density rather than 
pressure as a criterion of the mechanical 
properties of powder compacts. If, for example, 
a lot of powder is incorrectly annealed, the 
density after pressing will be considerably 
lower than that of a correctly annealed powder. 
The consequent inferior mechanical strength 
can be predicted from density-strength con- 
siderations whereas it could not be ascertained 
from pressure alone. 

Variations in the physical properties of 
compacts formed from different powders are 
considerable, as noted by Mr. Tour, but it is 
to be remembered that the powders used 
were of widely differing screen analyses and 
insufficient test samples were used to treat the 
data statistically. The author is confident 
that were further tests made his conclusions 
would be supported. (Such tests have already 


been made by a commercial metal powder | 
parts producer.) In view of the fact that wall 


friction plays an important role in limiting the 
density to which pieces can be pressed at a 
given pressure, it is obvious that density 
can be used in many applications where 
pressure considerations are useless. The 
simple shapes used by the author were possibly 


a little misleading since bars of such uniform © 


* eyo 


erg 


ao 


OR Se” Ah Pee tm He eT! 


DISCUSSION 


_ dimensions are not characteristic of the average 


metal powder part. 


M. STEINBERG*—We are pleased that Mr. 
Squire has investigated density distribution 
and that his work, in part, corroborates our 
own findings particularly in regard to density 
distribution. 

His work is presented in terms of average 
density while ours was a point to point in- 
vestigation of density distribution. If our 
density distributors were averaged out across 


_ the diameter I think you would find that these 


averages would be similar to the results 
obtained by Mr. Squire. 

I wish to ask Mr. Squire a question con- 
cerning the effect of height on the density of 
the compact. Previous work, done by Balshin 
in the pressing of tungsten powder showed 
that there is an optimum height of compact 
for constant pressure and constant die diameter 
which will yield a maximum average density. 

We have carried out similar work with both 
nickel and iron powder, and we have found 
that the same phenomenon occurs with these 
powders. With decreasing final heights below 
this optimum height, density falls off very 
rapidly. Above this optimum height density 
again begins to fall off. The reason for the 
decrease in density with height above the 
optimum height is undoubtedly the result of 


- side-wall friction. Are your results in agreement? 


A. Soutre (author’s reply)—The highest 
compact that we compressed was 1 in. 
for a 14-in. diam compact, and in the range 
we studied we did not find that we reached 


the limit. It is quite possible that there is a 


- jimit, but if there is, we did not find it. 


> 
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Mermper—I have made checks of different 
iron powders and have found the same results 
that Mr. Squire has reported. That is that 
iron powder has practically no influence on 


~ the magnetic properties. I checked electrolytic 
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as well as reduced iron powders, and higher 
purity of the electrolytic powder makes itself 
felt only in a small way, and only if very 
high density is reached, that is, approximately 
g2 pet density. Otherwise, if the density is 
the same, the correlation between flux density 
and magnetizing force is identical for different 
powders. At least, that is what we have found. 

I would like to raise another point. I believe 
that the difference between fine and coarse 
powders, which Mr. Squire found, would 
disappear if one sintered at higher tempera- 
tures for a longer time. 


W. E. Kincston*—Mr. Steinberg referred 
to work carried out by Balshin who reported 
an optimum powdered tungsten compact 
height which gave maximum density. I 
might point out that in our study of the powder 
metallurgy of tungsten, we have not been 
able to substantiate such an effect. We have 
found no marked difference in density in 
compacts ranging from 18 in. to 1 in. in 
height, provided equivalent pressing condi- 
tions were utilized. 


M. A. STEINBERG—Balshin, in his work on 
tungsten powder found an optimum height 
of one to two millimeters, which is quite 
small. The reason for a decrease in density 
with heights below this value of one millimeter 
appears to be as follows: With a final height 
of one millimeter and an average particle 
diameter of 40 microns, there are only 25 
particles stacked one on the other. One is not 
pressing too many particles and hence cannot 
fill too many of the interstices. 

When the pressure is released, the residual 
elasticity of the pressed piece becomes particu- 
larly pronounced in pieces of small height. 
In other words the mutual friction between 
the particles is not large enough to overcome 
the effect of residual elastic stress in order to 
prevent expansion of the compact. 


* Sylvania Electric Products, Inc., Bayside, 
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Introduction to Seminar—Review of Literature on Pressing of 
: Metal Powders* 


By RicHarp Paut SEELIG,{ MEMBER AIME 


(New York Meeting, March 1947) 


Tue following review covers published 
information on pressing of metal powders 
at room temperature. Only those opera- 
tions are considered which occur between 
the time the powder is filled into the cavity 
and the compact is ejected from the die. 
Thus, this review does not concern hot 
pressing, coining or sizing feed or flow 
problems, commercial presses nor designs. 
It was also necessary to disregard to a 
large extent the effect of pressing on 
subsequent operations and on properties 
after sintering. The pressing operation 
is considered independently in its function 
to compact loose metal powder into useful 
shapes which can subsequently be handled. 

There are some comments by the writer 
in connection with a few of the findings 
quoted in the literature in order to stimu- 
late thought and discussion. The selection 
of references quoted in the text is in some 
cases arbitrary although an attempt was 
made to favor papers containing novel 
ideas, techniques or results which may 
stimulate future research. In order to 
enable the reader to check further into 
the subjects mentioned, the original, 
rather extensive, bibliography is appended 
even though not all the references are 
touched on in the printed version of this 
review. 


Manuscript received at the office of the 
Institute June 3, 1947. Issued as TP 2236 in 
METALS TECHNOLOGY, August 1947. 

*This is the introductory paper to the 
Seminar on the Pressing of Metal Powders 
sponsored by the Powder Metallurgy Com- 
mittee. See page 518. 

t American Electro Metal 
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EXPERIMENTAL APPROACH 


The equipment used by various workers, 
for example a die design created by 
Bridgman,?? is very interesting. The die 
insert has a conical external surface. The 
vertical pressure exerted on the punch 
transmits itself to the die which in turn 
is pushed harder into its tapered retainer. 
Thus, the higher the pressure exerted 
on the punch, the higher also the pressure 
exerted inwards on the die inserts. Inas- 
much as this pressure counteracts the 
internal pressure from the compact the 
two stresses balance each other so that 
it is possible to obtain tremendous pres- 
sures without breaking the die. The die 
collar was made from an oil hardening 
tool steel, heat treated to a tensile strength 


of some 300,000 psi. The die was closed — 


at the bottom by a plug made from special 
tool steels. Bridgman found that there 
is no steel which will withstand a com- 
pressive stress of 700,000 psi without 
continuous slow flow or immediate frac- 
ture. Therefore, the only material suitable 
for use in the pressing punch was sintered 
carbide. In view of the ingenious design 
it was possible to use special tool steel 
as die material. 

Jones*? raises the question whether 


this method of pressing has practical — 
application in powder metallurgy. Al-— 


though these tremendous pressures cannot 
readily be utilized without many special 
precautions, the tapered die and retainer 
idea is believed to be useful even for 
lower pressures. Bridgman, himself,’ calls 


attention to the fact that the properties 


22 References are at the end of the paper. 
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of powder compacts may change drastically 
when raising pressures to a multiple of 
those now commonly employed.*® 

In an effort to measure the amount of 
pressure which is side-tracked by virtue 
of die-wall friction Unckel® developed 
an interesting design which he later 
simplified®* (Fig 1). The die-wall friction 
translates a portion of the pressure to 
the soft iron ring on which it rests. This 
ring is supported on three hardened steel 
balls which, in turn, are held in suitable 
depressions in the hardened bottom plate. 
As a result of the frictional forces Brinell- 
like impressions will be made by the balls 


- into the soft iron ring. The size of the 


impressions can be measured and trans- 
lated into units of force by suitable cali- 
bration (Fig 1). This author used a very 
large taper of approximately 0.020 in. 
per in. and it would not be practical in 
many applications. 

Squire®®> used a die which permitted 
either a single or double-action pressing. 

In order to study the propagation of 
pressure versus friction Unckel® used a 
cylinder 0.866 in. in diam and 10}4 in. 
long. It was closed at the bottom and 
then filled completely with powder. Pres- 
sure was applied by means of a round 
punch in a conventional way. Depending 
upon the force applied, a greater or smaller 
portion of the long column was compacted. 


_ Thus, when picking up the cylinder so 


that the cavity was open at the bottom, 
the loose powder ran out. By measuring 


the length of the solid powder cake an 


_ indication was obtained of the propagation 


of pressure. 


In order to trace the density distribution 


throughout a compact Unckel®* sectioned 


his specimens not only into slices parallel 


to the punch faces but also longitudinally 
through the center. These large sections 


f 
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were cut up into small cubes whose side 
length was 0.394 in. The density pattern 
was found by measuring the densities of 
the individual cubes. 
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One technique, developed also by Unckel, 
consisted of molding powders of similar 
characteristics but different colors. In 
the case of copper, clean powder on the 
one hand and superficially oxidized powder 
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Fic 1—APPARATUS FOR MEASURING DIE-WALL 
FRICTION. 


on the other were used. For iron experi- 
ments discoloration was accomplished by 
adding 25 pct copper to the one portion 
of the material. In order to obtain a 
checkerboard pattern the die cavity was 
first separated into two concentric zones 
by means of a piece of thin metal foil. 
The powder was then filled into the die in 
layers alternating light powder on the 
outside and dark powder on the inside of 
the metal foil sleeve and reversing the 
procedure for the next layer. The foil 
separator was removed before pressing. 
The method of using compacts made 
up of separate horizontal layers was 
apparently originated by Rakowski." He 
used intervening layers of metal foil or 
graphite. The height of each layer served 
as a measure of relative density. This 
technique has been improved and was 
recently utilized with the aid of very fine 
copper powder in the intervening layers.* 
Very recently a rather ingenious method 
of studying pressing phenomena has been 
described.2* A deformable lead grid having 
mesh openings was imbedded 
After pressing the 


square 
within the powder. 
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compact in cylindrical dies, they were 
ejected and radiographed. This showed a 
pattern of the deformed grid. From the 
radiographs it was possible to determine 
density, deformation, strain distribution 
and stress trajectories. From this last 
factor the coefficient of friction was also 
calculated. 


THEORETICAL AND MATHEMATICAL 
APPROACH 


Johnson and Adams*‘ express the thought 
that the pressure required to enable 
crystalline substances to weld together 
depends mainly upon the melting point, 
although density and the temperature 
at the time of the experiment are also 
factors. At a given temperature, the 
materials with the highest melting point 
require the greatest pressure for welding. 
These thoughts, written in 1913 show a 
surprising insight into the processes which 
are still not completely understood. These 
authors also stress the importance of the 
type of pressure, i.e., whether it is uniform 
or non-uniform. The non-uniform type 
causes deformation and distortion under 
pressure. 

A theory of pressing advanced in 
193917 states that during pressing local 
melting takes place as a result of friction. 
Other statements concerning the effect of 
pressure are summarized in the following 
paragraph. 

There seems to be no preferred arrange- 
ment of crystallites under the effect of 
pressure. Trzebiatowski®® pressed copper 
and gold between 100 and 200 tsi. and 
found that the orientation after com- 
pression was substantially the same as 
in the unpressed powder. The same author®? 
also advanced a theory by which to 
explain the extremely high hardness values 
found in copper compacts. He attributes 
this to an exaggerated cold-working effect 
which is made possible by the increased 
surface area in a powder aggregate per- 
mitting a greater degree of deformation 
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than would be possible in solid metals. 


Sauerwald and St. Kubik‘? attach more — 


importance to the oxide film which sur- 
rounds each particle. As proof they 
claim that fine powders result in higher 
hardnesses because the amount of oxides 


is greater as a result of increased surface. — 


Jones”* feels that no single phenomenon 


a 


is able to account for the great hardness of — 


compacts made with high pressure. He 


lists no less than six phenomena which © 


— 


contribute to this condition to a greater — 


or lesser extent: (1) deformation and 


work hardening of particles, (2) internal — 


or elastic strains, (3) abrasion of surfaces, 
(4) surface films, (5) slip prevention, 
caused by very fine grain size or surface 
films, and (6) the special lattice properties 
of fine powders. In commenting on these 
points, Kieffer and Hotop® state that phe- 


nomenon (r) may be considered a compound ~ 


effect of the work hardening resulting 
from the process of powder manufac- 
ture and the cold-working resulting from 


actual pressing. Phenomenon (2) they 


claim, is characterized. as elastic elon- 
gation strains in pressing. They feel that 
the main factors are grain size, oxide 
content and powder strain. It seems to the 
writer that it should be possible to exclude 
the effect of oxide content and powder 
strain by carefully controlled reduction 
and annealing processes. Seelig®® has 
called attention to the behavior of cast 
iron under compression. Notches in the 


specimen increase not only the strength — 


but also the deformability under pressure. 
This may have a bearing not only on this 
problem of high hardness in soft com- 
pacted materials, but also on the behavior 


of brittle powdered metals. The type of. 


stresses occur in a compact also deserves 
attention. Each individual powder particle 
is subjected to compound stresses in 
greatly varying amounts. 

The effect of pressure during the time 
that a mass of loose powder particles is 
transformed into a solid compact has been 
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described in many different ways. Seelig 
and Wulff*! found it convenient to assume 
the existence of three phases which are 
not clearly separated: (1) packing, (2) 
elastic and plastic deformation, and (3) 
cold-working, fragmentation, or both. It 
is emphasized that these three steps 
overlap to varying extents. They can be 
characterized by the fact that in the 
first one the energy applied is largely 
absorbed by inter-particle friction. The 
second one shows particle deformation 
and wall friction as the main energy con- 
sumers. During the last stage residual 
stresses are introduced and further cold- 
working with possible fragmentation takes 
place. Sauerwald*4 visualizes the mecha- 
nism of pressing by separating it into two 
idealized sets of circumstances: (1) ideally 
stiff material with elastic deformation 
only, and (2) ideally soft material with 
maximum plastic deformation. 

Surfaces of powder particles are gen- 
erally uneven, and the irregularities vary 
widely. As a result the particles are 
believed to touch opposing surfaces only 
at points even after considerable com- 
pression.#!45 If it can be assumed that 
this holds true for conditions other than 
those observed by these authors this 
would be of very great importance for 
the theory of bonding by cold pressing 
which will be discussed later. In line 
with this thought Kieffer’s?® description 
of the pressing process might be recalled: 
(x) contact surface between particles is 
substantially increased; (2) oxide and 
gas films are pierced and scraped off in 
numerous places through pressure and 
friction; and (3) local momentary tem- 
perature increases may take place for 
extremely brief periods of time resulting in 
regrouping of atoms. 

The importance of uniformly applying 
the pressure is stressed by many authors. 
The nearest approach to uniformity of 
pressing 1s possibly obtained when the 
powder is contained in a flexible receptacle 
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such as rubber and is pressed under a 
liquid by hydrostatic pressure. In prac- 
tice, however, pressing is usually done in 
steel dies with one or two movable punches. 
As the pressure is built up the powder 
begins to cling to the walls with varying 
tenacity. This, according to Balke,‘ results 
in bridging action so that the layers 
adjacent to the punches are pressed more 
heavily than those further removed. 

As a result, and this is a well-known 
fact, the density of the compact pressed 
from one side is lowest at the bottom of the 
die. According to Wulff and his associates?® 
it is expected that when pressing from both 
sides compacts can be made having twice 
the length of single pressed ones with 
the same variation in density. It is stated 
that the lower half of the compact would 
result in a mirror image of the density 
variation in the upper half. 

Unckel® has attempted to develop a 
mathematical basis for calculating the 
transmission of pressures through a com- 
pact and the losses caused by wall friction. 
At first he assumed that the compacting 
pressure is uniformly distributed over 
the punch surface. Thereafter the actual 
radial pressure distribution was con- 
sidered and from the axis the pressure 
increases to a maximum value at the 
outside edge at the top of the compact. 
This situation is reversed at the bottom. 

The formula developed for pressure 
distribution across the surface represents 
a parabola which corresponds to the pres- 
sure distribution determined on the basis 
of hardness and density values. The tan- 
gential or sheer stresses are zero along 
the axis of the cylindrical compact in- 
cluding at the punch face and at the 
bottom for reasons of symmetry. In other 
sections they are equal to the main stresses 
multiplied by the coefficient of friction. 

In order to have enough known con- 
ditions available for the calculations it 
was necessary to utilize the-experimental 
observation that there is one cross section 
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in the compact where pressure is equally 
distributed or independent of the radius. 
It was first assumed that this section was 
located about 24 of the compact height 


T_-Pp xu 


Bottom pressure 
(From punch pressure 
and wa// friction), 


Bottom pressure 
according to observation 


REVIEW OF LITERATURE ON PRESSING OF METAL POWDERS 


that density variations will decrease 
again with still higher pressures since 


solid density is approached. It would be. 


interesting to study this effect experi- 


_- Purch pressure 
P 


Wall pressure for 
uniformly distributed 
punch pressure 


Fic 2—DIstRIBUTION OF COMPRESSION AND TANGENTIAL PRESSURES ON PUNCH BOTTOM AND 


WALL SURFACES, 


Pressure distribution across punch and bottom surfaces determined from averaged density and 
hardness determinations, along die wall from calculations. For tangential (shear) strains M = 0.2 


was assumed. 


from the punch down. However, the use 
of this assumption in the equation indi- 
cated that this layer is actually somewhat 
closer to the punch. In other words, 
in the interior of the compact the parabolae 
become flatter with increased distance 
from the punch and then reverse the 
curvature toward the bottom. A schematic 
sketch of the pressure distribution is 
shown in Fig 2. 

The use of the lead grid was briefly 
described earlier. The mathematical ap- 
proach needed in order to obtain strain 
values from the distortion of the grid is 
described by the authors.?® 

It has been observed that non-uni- 
formity in density distribution may be 
enhanced by higher pressure, and, experi- 
mentally, this was found to be true up to 
64 tsi. Some observers”® believe, however 


mentally and to correlate it with compact 
size, particle shape and other variables. 
Balke‘ states that in pressing electrolytic 
tantalum powder which is not too heavily 
gassed with hydrogen at 50 tsi an appreci- 
able amount of cold welding or cold sinter- 
ing takes place. Wulff*® expresses his 
theory on cold bonding somewhat as 
follows: since the attractive force field 
of the atoms in a metallic surface drops 


rapidly at distances greater than an atomic 


diameter, the cohesive strength of the 


material formed depends on the distance 


between contacting surfaces. The greater 


the plasticity of the powder, the greater 


the possibility of forming atomic bonds 
during the pressing operation. For very 
hard powders the effect of pressing may be 
limited to the superficial abrasion of con- 
tacting surfaces; stronger bonds are thus 


4 
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formed by locally removing such separating 
substances as absorbed or chemically 
-bound surface films. Local melting can 
hardly be expected except during high 
speed pressing of low melting metals. 

In principle, welding of two metallic 
surfaces at room temperature must be 
possible if the surfaces are ideally clean 
and there is intimate contact. In molding 
metal powders this ideal case is not ap- 
proached according to Kieffer and Hotop.”® 
The particle surfaces are so irregular 
that mutual contact areas are minute. 
The powders are covered with oxide and 
gaseous films, having multi-molecular 
thickness. Furthermore, the structure of 
the outer atomic layer on an exposed metal 
surface is different in nature from the 
atomic surface layer of the crystallite 
inside a molten mass. This last effect, 
alone, would reduce the attractive forces 
even if all other conditions would be 
favorable. 

Data on the strength of green compacts 
are extremely scarce. It is safe to assume 
that strength follows the same trend as 
hardness and density.28 Eilender and 
Schwalbe? found strength values between 
450 and 4,000 psi on green iron compacts 
molded at 20 and 65 tsi. These authors 


- place the emphasis on the effect of cold 


welding at low and medium pressures, 
while at very high pressures mechanical 


interlocking and, to an increasing extent 


hot welding, predominate. It is difficult 
to the writer to understand why the 
mechanism of bonding could not just as 
well be considered a continuous process 
with all the cooperating effects increasing 
with tighter packing, increased abrasion 
and more pronounced deformation. Electro- 
static forces were mentioned by Kieffer as 
playing a part in the bonding. 

In the opinion of Kingston®® the pressing 
operation forms merely a part of the 
sintering operation. It involves self-diffu- 
sion. As a result of the very small total 
area the unit pressure may be very high. 


SIE 


With atomic lattice distortion the resulting 
free energy is brought to a point where 
self-diffusion can be initiated at points 
of highest stresses. Atoms from both 
particles involved are equally affected 
and the nuclei grow on both sides of the 
interface. Such nuclei must be of such 
a size that they would be stable with 
respect to their environment. Thus the 
free energy is lowered and the stable 
nuclei form the metallic bonds which are 
responsible for the coherence of the 
compacts. Kingston?* also found that the 
coherence of compacts increases when 
holding them under pressure for extended 
periods. A similar result has also been 
reported by Skaupy.*? 

An interesting light on the nature of 
cold bonding may be shed by electrical 
conductivity measurements. When re- 
peating the application of the pressure 
cycle to tungsten, silver, bismuth, copper, 
nickel, zinc, iron, antimony and platinum 
several times, the electrical resistance 
increases progressively with the frequency 
of pressing. This is not observed for gold, 
tin and lead and Skaupy’s®? explanation 
for this is based on the cold-working effect. 
Jones?* and Kieffer®* favor the effect of 
progressive oxidation and the progressive 
destruction of the cold welds. They seek 
their proof in the fact that gold which 
forms no oxide does not show the drop 
in conductivity. As far as an explanation 
of the observed phenomena is concerned, 
the present writer feels that the original 
author was closer to the truth than his 
critics. For instance, lead powder which 
is very readily oxidized is in the same 
group as gold. The argument that the 
oxide film on lead is easily destroyed 
applies also to other soft metals which 
belong to the same group as silver, zinc, 
copper, etc. The fact that cold-working 
can be more effective in a powder compact 
than in solid metal can perhaps be sup- 
ported not only by these findings but 
also by Trzebiatowski’s hardness measure- 
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ments. Finally, it must be remembered 
that the resistivity in a compact is of a 
different order of magnitude so that there 
may not even be a basis for comparison 
for the effect of cold work. 

Frequently as the pressure is carried to 
higher values there may be mass slippage 
of the powder upon itself, with the result 
that slip cracks are formed within the 
pressed piece. These slip cracks may not 
be healed by increase of pressure according 
to Balke.‘ Practical experience shows that 
increased pressure actually increases the 
tendency toward failure. 


Density in g/ecm 


Hardness in BHN 


° 
f°) 10 20 30 40 50 
Compacting Pressure tsi 
Fic 3—DENSITY AND HARDNESS OF 0.866 
INCH DIAMETER BY 0.079 INCH THICK DISCS 
VERSUS MOLDING PRESSURE. 


sizes. 
Long 


Solid line Cu, mixed particle 
Dashed line, Cu, fine particles only. 
and short dashed line, sponge iron. 


Utilizing their lead-gird method, Kamm 
et al?6 conclude from the appearance of 
the stress trajectories and the strain 
curves that failure of a compact when it 
occurs during pressing should be in the 
form of a conical fracture. This has 
actually been observed in experiments. 
Seelig®® in an earlier publication, at- 
tributed compact failures also to a stressed 
condition. He felt, however, that in most 
cases, the failure actually took place in 
ejection when the stresses were gradually 
released as the compact leaves the die. 
A certain amount of proof for this theory 
can be derived from the experience that 
even very slight tapers and smooth sur- 


many cases and that conversely by rough- 


ening the die cavity surface failures can - 


be produced almost at will. 
Balke* 
in tungsten compacts to the slight move- 


ment of die segments under higher pres- — 


sures. In the case of ductile materials 
such as tantalum, such die movements 
do not preclude the use of high pressures. 
When pressing carbide, slip cracks may 
occur even in solid dies. Again high pres- 
sures intensify these difficulties. The 
limitation in usable pressure was attributed 
by Goetzel'4 to the entrapment and 
compression of air which tends to expand 
abruptly upon pressure release resulting 
in failure in some cases. 

The effect of the powder used must be 
considered in this connection. It is a 
well-known fact that some powders will 
lead to failures in compacts while others 
will not, under identical molding conditions. 
Usually flaky powders are more susceptible 
to laminations than spongy ones. It 


seems that the green strength in such | 


compacts is particularly low in the planes 
parallel to the punch face. This may serve 
to support the view that many such failures 
take place in ejection when strength in 
this direction would be important. 


EFFECTS OBSERVED AND PROPERTIES OF 
COMPACTS 


Effect of Particle Size, Shape and Apparent 
Density of Powders 


In pressing thin discs where density was 
uniform throughout for all practical 
purposes, Unckel®* found that copper 


with a variety of particle sizes was higher q 


in both density and hardness than fine 
powder. Curves showing this effect for 
different compacting pressures are repro- 
duced in Fig 3. These curves were also. 
used by the author as calibration curves to 
determine effective pressures at different 
sections of compacts. . 


if 
. 


faces in the die will eliminate cracks in | 


attributes lamination failures — 
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Iron powders were subjected to a 
pressure of 700,000 psi by Bridgman as 
reported by Sykes.** The particle diameter 
of the coarser powder averaged 40 microns 
and the finer 3 microns. The compressed 
pellets were tested for hardness by both 
Rockwell and microcharacter methods. 
Expressed in Brinell numbers the hardness 
of the coarser metal averaged about 200 


while that of the finer approximated 4oo. 


Eilender and Schwalbe! found that in a 
certain iron powder the coarser the mix 
the greater the density which could be 
achieved. Skaupy® states that finer pow- 
ders result in greater green strength, and 


_ the addition of fine particles to a coarser 


mixture is beneficial. The same is claimed 
by Hedvall.2° Libsch and _ co-workers*? 
reported that a powder having only 
17 pct particles through the 325 screen 
pressed better than the same powder 
where the percentage of fines was increased 
to about 30 pct. 

Several other observations are also 
related to particle sizes. For instance, 
in the case of very hard powders such as 
tungsten and carbides where little plastic 
deformation is possible, micron particle 
sizes are usually employed to insure a 
maximum number of contacting points 
and, thus, sufficient adhesion after press- 
ing.*® For powders of medium hardness, 
ease of ejection from the die and main- 
tenance of sharp contours are favored by 
a higher percentage of coarse material. 
The electrical conductivity experiments 
previously reported®* prove that in most 
cases finer powders resulted in higher 
resistance values. Particle sizes tested 
ranged from 2 to 60 microns. 

In an attempt to form compacts of 
ideally uniform density all around, very 


small wafers of copper were pressed; 


nevertheless,47 hardness variations of the 
order of 5 pct were found. An attempt 


- was made to correct this by using very 
- fine powder but it was not successful. 


In a photograph showing celluloid 


of 
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discs. of various diameters representing 
powder particles of different sizes, the 
fate of small particles within a coarser 
mix could be clearly demonstrated.*! 
The pores between coarse particles may 
be so large that the fine grains lie loose 
in these pores and do not establish contact 
with the surrounding particles until con- 
siderable deformation has taken place. 
Considerable attention has also been 
paid to the effect of particle shape. Spheroi- 
dal particles may be quite advantageous 
from the standpoint of flow and packing 
density while plate-like particles flow 
poorly. According to Wulff*® the latter 
are not ideal for compaction where maxi- 
mum density is required; however, a 
theoretical case can be made for high 
packing density if the plates are sys- 
tematically packed. Practice has shown 
that with certain flaky powders sub- 
stantially denser compacts can be formed 
with the same pressure than with other 
types. It is entirely possible that this is 
caused by the particles aligning themselves. 
However, as discussed previously, there 
are certain disadvantages associated with 
this behavior resulting in the tendency 
toward lamination at high pressures. 
Surprisingly little information is avail- 
able on the effect of apparent density on 
the pressing characteristics of different 
powders. Goetzel in his work with curved 
punches! found that powders of high 
apparent density are more difficult to 
mold into compacts of desired uniformity 
and cohesion. In a dense powder the punch 
stroke is shorter than in a “‘fluffy” one. 
Consequently, in the denser powder, the 
particles travel a shorter distance in the 
direction of pressing and have less oppor- 
tunity for radial flow and reorientation. 


Density and Density Distribution 
in Compacts 


Inter-particle friction is responsible for 
many limitations in molding complicated 
shapes because it inhibits powder flow 
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in the early stages of compaction. On 
the other hand, the friction is not great 
enough to inhibit powder flow from one 
part of the mold into the other altogether. 
According to Seelig’® when telescoping 
punches are used and pressure in each 
movement is not exactly balanced for 
each part of the cycle, powder will flow 
radially into other “sections. This is a 
highly practical problem because it is 
not yet possible to anticipate the extent 
of this flow during the design stage of 
dies. This requires provision for adjust- 
ment in the tools and even then uneven 
density cannot often be avoided. 
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Distance from upper punch 
Fic 4—DISTANCE FROM PUNCH, 

Solid line, electrolytic copper pressed from 
A aabod line, electrolytic copper pressed 
from top and bottom. Long and short dashed 
line, electrolytic copper with 4 per cent graphite 
pressed from top. Solid line, electrolytic 
copper pressed from top. 

Balshin® apparently was the first author 
to concern himself with the causes for 
property variations in green compacts. 
On the basis of his scleroscope hardness 
measurements he discovered that the 
greatest density in a compact pressed 
from one side only exists at the top near 
the outside edge while in the lower portion 
it is found at the center. He already 
recognized that this effect must result 
from friction at the die wall. 

Experimental pressings were made with 
electrolytic copper powder pressing from 
one side only, pressing from top and 
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bottom and with a mixture of copper and 
4 pct graphite pressing from the top only. 
Density measurements were made of 
different zones and plotted against the 
distance from the upper punch as shown 
in Fig 4. As mentioned above, Balshin 


seems to have realized that the graphite 
addition is effective mainly because of the © 
reduction in wall friction; he points out — 


that the use of highly polished die walls 
has a very similar effect. 


A “neutral zone” of increased porosity © 


exists in the center: of a compact pressed 
from both sides. It is the more pronounced 
the greater the friction and tendency to 
seize between die wall and metal powder. 
For different materials and different 


compact lengths Unckel® in 1944 deter- 


mined the effective pressure at the far end 
of the compact and calculated by difference 
the amount lost by die-wall friction. He 
also measured the ejection pressure needed 
to remove the compact from the die. 
Some of the results can be summarized 
as follows: when compacting a quantity of 


powder half as large the wall friction drops — 


to one-third. The addition of graphite 
reduces the friction to some extent but 


only at the higher pressures. The ejection © 


pressure is reduced to a greater extent 
by the graphite addition. It is only one- 
quarter of the compacting pressure when 
using graphite as against two-fifths, with- 
out graphite. In all his experiments there 
was a consistent difference between the 
ejection pressure and the die-wall friction. 
This difference is explained by spring- 
back in the compact after removal of the 
bottom plug from the die. 


Another paper by the same author was 
The results. 


published a year later.® 
obtained for die-wall friction and ejection 
forces 
may be up to 34 of the applied force. 

This author takes issue with the present 
writer’s observations on compact failures. 


Unckel feels that this should be attributed 


to die-wall friction rather than to the 


indicate that the frictional loss 


s 
© 
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expansion of the compacts as they leave 
the die. There are no data available 
supporting either concept. However, Unckel 
makes no reference to the fact that most 
dies undoubtedly contract somewhat after 
the release of pressure. Thus, even if the 
compact does not expand appreciably 
there will always be an 
between the cavity and the compact sizes. 
Unckel states that cracks can be blamed 
on the fact that the slugs are pushed 
out of the die while being held back at the 
circumference as a result of the friction. 
This apparently means that a bending 
moment is set up with the center of the 
compact moving slightly ahead of the 
outside. 

With his method involving the use of 
differently colored powders, Unckel found 
a curve formation across the section of 
the compact similar to the one described 
by Balshin.6 There was also a noticeable 
shift of vertical lines toward the center 
especially at the top of the specimens. 
The angle formed by the formerly hori- 
zontal lines with the die wall is about the 
same from top to bottom, namely 63 
to 67° for mixed copper powder. This 
result deserves further investigation and 
explanation. The depression of the hori- 
zontal lines is only about half as much 
in a compact half the height while the 
shift of the vertical lines toward the axis 
is more pronounced. When the die wall 
was lubricated with a mixture of graphite 
and vaseline scarcely any curvature of the 
horizontal lines was observed. The vertical 
lines were still shifted toward the center 
but more uniformly through the height so 


that they remained nearly straight and 


vertical. The total height of the compact 
with lubrication was about 10 pct lower 
for the same pressure. 

Seelig and Wulff5! describe a modified 
layer technique. They suggest that the 
curvature of the intervening layers can 
be used as an indication of density dis- 
tribution. When the die walls were polished 


interference ' 
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or carefully lubricated, the layers became 
practically flat. 

When submitting nickel to a pressure 
of 30 tsi, in a cylindrical die having a 
I sq in. area, the effective pressure at the 
bottom of a 1 in. high compact was only 
about ro tsi. 

The fact that in iron compacts with 
medium pressures the density in the top 
section is greater outside than in the 
center and vice versa at the bottom was 
also reported in this paper.*! This effect is 
attributed to die-wall friction. 

The effectiveness of stearic acid as a 
die wall lubricant is striking compared 


* to its application to the powder mixture. 


In his discussion of the wall area/pressing 
area concept Squire®* submits results which 
clearly indicate the dominating effect 
of die-wall friction in the change of density 
with the W/P ratio. Only density varia- 
tions with height of compact are taken 
into account. 

In their recent work Kamm, Steinberg 
and Wulff?* give the following description 
of a compact: the densest zone in a com- 
pact pressed from one side is at the top 
outer circumference, least dense at the 
bottom circumference. For some heights, 
the density distribution along the center 
axis is such that the lower density is at 
the top near the movable punch and the 
maximum density at the bottom. This 
phenomenon is considered further proof 
of the effect of die-wall friction. On the 
other hand, the density near the outside 
wall of the compact decreases in general 
with height from top to bottom. 

In one series of experimcn‘s, the average 
density of the compacts increases with 
increasing pressure, but at the same time, 
the variation in density throughout the 
compact also increases. In other words, 
lower pressures may in some cases give a 
more uniform density distribution. 

Some statements in the literature refer 
to the effect of pressing speed, but no data 
on the resulting properties could be found. 
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Balke‘ points out that pressing speed is 
important with regard to entrapped air. 
In forming certain ductile materials it 
must be given time to escape. 

With their conductivity measurements 
Skaupy and Kantorowicz** found that 
not only the actual pressure but the rate 
of application is an important factor. 
For instance, resistance drops first rapidly 
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Fic 5—-GRAPH SHOWING PRESSURE VERSUS 
CONDUCTIVITY. 

Solid line, pressure raised. Dashed line, 
pressure lowered. 


then more slowly while maintaining pres- 
sure on the compact. Conductivity versus 
pressure relationships are not reversible. 
When removing the pressure, conductivity 
remains at the maximum level (cor- 
responding to the highest pressure reached) 
during a considerable drop in pressure 
before falling off (Fig 5). 

A typical example of the drop in con- 
ductivity is the metal tungsten (Fig 6). 
It is important to realize that this behavior 
is affected by the length of time for which 
the compact is held under maximum 
pressure each time. The increase in 
resistance is the more pronounced the 
longer the compact was exposed to high 
pressure. 


CoMPOSITE THEORY OF COLD PRESSING 


It is an established fact that pressing is 
more than mere molding, i.e. giving the 
desired shape to the compact. The mecha- 
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nism of compacting involves the stages of 
packing, re-arranging, deformation, ex- 
pelling of air, stressing and fragmentation. 
They come into play depending upon the 
material, particle size and shape, lubrica- 
tion, type of tool, method of load applica- 
tion, etc. 

There is an increase in density, hardness, 
electrical conductivity, and undoubtedly 
strength with increased pressure up to 
certain limits so far tested. As a result of 
pressing, ‘the particles become closely 
packed and deformed, so that surface 


4 


La 


films are pierced or abraded. As a result of © 


these effects, in turn, intimate metal to 
metal contact is established and a tem- 
perature increase takes place at least 
locally. 


The propagation of pressure through a_ 


powder mass and compact does not follow 
simple rules. Neither does loose powder 
flow like a liquid nor does compacted 
powder show metallic response to plastic 
deformation. Inter-particle and die-wall 
friction overlap each other in their effect, 
but it has been established that the latter 
is more predominant. 

Bonding is variously attributed to 
one or more of the following phenomena: 
mechanical inter-locking, electrostatic 
forces, atomic attraction, atomic place 
change, cold welding, and local melting. 
The writer would like to add to this list 
the effect of the vacuum created by 
expelling air and other gases from the 
pores and from the interfaces between 
contacting particles. 

There is need for clarification of the 
terminology before more definite state- 


ments on cold bond can be expected. For — 
most materials the writer would prefer | 


to assign responsibility (in the order of 
their importance) to the effect of: attrac- 
tive forces (with or without atomic place 
changes but preferably without), mechani- 
cal inter-locking and the effect of vacuum. 


It is felt that further proof is needed — 


perhaps in the form of demonstrating that 
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local alloying between particles of different 
metals or that grain growth across the 
particle interface can take place under the 
effect of pressure at room temperature 
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Fic 6—EFFECT OF REPEATED PRESSURE 
APPLICATION TO TUNGSTEN COMPACTS. (SCHE- 
MATIC.) 


before local melting can be generally 
accepted as explanations for green strength 
in compacts. 

The process of bonding is a continuous 
one in that all cooperating effects become 
stronger with higher pressure, which means 
closer packing, more deformation, further 
abrasion, etc. 

If internal strains or local stresses which 
are released after the external pressure 
is removed or during ejection are greater 
than the inter-particle cohesion, compact 
failures occur. They depend upon the 
raw material, the pressure and the die. 
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Seminar 


(F. N. Rhines, presiding) 


F. N. Rutnes*—This is the second 
seminar presented by the Powder Metal- 
lurgy Committee of the Institute of 
Metals Division, under the direction of 
the Sub-Committee on Research. 

The purpose of this seminar is to afford 
an opportunity to those who are interested 
in the theoretical aspects of powder 
metallurgy to gather and talk about the 
things that are closest to their immediate 
interests, to bring cut research ideas, to 


* Professor of Metallurgy, Carnegie Institute 
of Technology, Pittsburgh, Penna, 


criticize current ideas—in a word, to 
talk about anything that may be of 
interest to men doing research in powder 
metallurgy. The thought-provoking mate- 
rial that we have had laid before us is, 
I am sure, substance for a very excellent— 
and, I suspect, a rather lengthy—discussion. 


It seems to me that one of the very — 


significant remarks that Mr. Seelig made 
was to the effect that a good deal of our 
trouble results from confused terminology. 


It is probably safe to say that, when we | 


have finally agreed to agree on the meaning 
of some of the words that we are using, 
we may find that we are out of a large 
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part of our difficulty in understanding 
this process. 

Let me cite just a single example: some 
people, as Mr. Seelig remarked, have 
referred to bonding proceeding with melt- 
ing during pressing. I wonder whether 
they think of melting as I think of melting. 
I usually think of melting as involving a 
phase change, the actual development of 
an interface between solid and liquid. If 
melting occurred at the grain boundaries 
or at the interparticle boundaries, there 
would be fluid which could run around 
and which, on subsequent cooling would 
freeze and leave a cast structure at the 
grain boundary. 

I doubt very much that that is what 
these people have in mind—and yet, 
- that is what comes to my mind when they 
say ‘‘melting.” 

In our discussions here and in the 
~ future, one thing that we need to do is to 
become clear about just what we mean 
by each of these words that we are using. 

Lee Buscu*—This conception of vac- 
uum being a factor in pressing or compact 
strength seems very interesting to me. 
It seems that it might be possible to press 
two types of powder, one of which would 
have intercommunicating porosity, and 
another one of which would have a flat 
particle and would not be intercom- 


- municating, press them to equivalent 


densities and compare strengths. 

T wonder whether anyone could elaborate 
on that—or perhaps my conception of 
that vacuum is all wrong. Perhaps the 
author would like to clear it up a little. 


R. Servic—Frankly, I have not thought 
it through too carefully, but I think 
there are two things that might happen. 

First, when pressure is applied to a 
compact, air is removed from the pores; 
and, as the pressure is released, the compact 
expands again slightly. Those pores which 
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are not connected to the surface might 
therefore be thought of as regions of 
low pressure, compared to the outside 
atmosphere. 

The second and more important mecha- 
nism is based on the fact that the surfaces 
of the particles which contact each other 
are so closely packed that there is no 
chance for air to intervene in the interface 
between the particles. 

One may visualize this latter mechanism 
by taking a couple of gauge blocks (which 
are not ideally clean) and pushing them 
together. If the pressure is such that one 
does not get atomic attraction, it is still 
possible to get them to stick together by 
virtue of the fact that the air was removed 
from between the two surfaces. 


J. Wutrr*—One may cite some actual 
examples in evidence of Mr. Seelig’s 
statement. 

The firm of Adam Hilger in London 
makes quartz reflecting echelons. They 
first grind and polish the quartz plates 
to a twentieth of a wave, and then as- 
semble the plates, pressing them gently 
together and then evacuate. The quartz 
echelon once made in this fashion may not 
again be separated without considerable 
force. This process harks back to Lord 
Rayleigh’s experiment. 

Ceramicists have for a long time main- 
tained that they get much less cracking 
in pressing ceramic materials if they 
evacuate the die. During pressing, Kamm, 
however, has not found any change 
in density in pressing metal powders in 
vacuum. Whether there is a change in 
strength, has, as yet, not been ascertained. 

Again in the commercial extrusion of 
ceramic rod or tubing vacua are employed. 

As you probably know, carbide parts 
and welding rods are now being extruded 
from powders. Here again vacuum equip- 
ment is used 
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F. N. Rurnes—Perhaps I may be 
pardoned for interjecting a remark that 
may seem somewhat absurd. It occurs 
to me, in connection with Mr. Seelig’s 
comment about squeezing Johansson blocks 
together, that we should not overlook 
the information that we have on adsorbed 
gases. Tammann has shown that powder 
can hold a layer of as much as 100A of 
adsorbed gas. If the gas can stick on the 
surface, I wonder whether it is not just 
as logical that two surfaces closer together 
than the normal thickness of the adsorbed 
layer might not, in effect, have some 
adherence through the medium of the 
adsorbed layer. 


A. J. SHALER*—In connection with 
some of the results that were given by 
Kamm, Steinberg, and Wulff this morning 
I should like to offer a calculation that I 
have made. ; 
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Fic 7—VERTICAL MIDSECTION OF A CYLINDRICAL 
COMPACT. 


In a cylindrical compact compressed 
from one end, as is shown in vertical 
section in Fig 7, Kamm, Steinberg and 
Wulff found that a maximum of density 
occurs near the edge of the punch face. 
But they also found that there is a center 
of high density near the axis of the cylinder, 
generally near the plug end. Unckel’s 
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calculations, as has just been brought 
out by Mr. Seelig, show that the effect 


of die-wall friction is a steady decrease in — 


density along the axis from the punch 


to the plug. I have tried to find a mathe- — 


matical explanation of this divergence 
in the two results. 

In Fig 7, consider the horizontal slice A 
of thickness dz at the level z. At any point 
on the top of the slice there is a local 
pressure o’ which varies with R, the dis- 
tance from the axis. The total downward 
force P on the slice is the integral of o’ 


over the area A (taking the upward | 


direction as positive) 
Rw 
Py=- i ama’ RdR 
Rw Oo ) 
aera an (04+ Sas RdR 


Similarly the force exerted by the slice 
on its next lower neighbor, equal to the 
upward force on slice A, is 


Rw 
Ppo=+ if era RdR 


The difference is the force lost in friction, 
dF, in the distance dz. 


P,+dF = —P, 
or 


dF Ry 0G; 
= I, on RAR [1] 


A second relation is found in the experi- 
mental evidence that there is little or no 
radial or tangential flow in such a compact. 
The amount of powder initially in the 
column B of cross-sectional area b is given 
by 


bZop, 


where po is the initial density expressed 
as a fraction of the theoretical density, 
and 2 is the initial height of the compact. 
After the compact has been compressed 
to a height 2, the amount of powder 
in the shortened column is still the same. 
If pi is the density at any level in B, then 


ev 
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. 21 
the new amount is i bpidz. Equating, 


21 
Jy rds = pore [2 

The third condition to be obeyed is 
one of equilibrium of forces. Coffin (un- 
published), showed that this relation is 
easily written if we consider a ring-shaped 
element of volume, C (Fig 1), of height dz, 
thickness dR, positioned by the coordi- 
nates R and z. It is coaxial with the com- 
pact. The force on the bottom of the 
ring resulting from compression is 2rRodR. 


- On.the top the force is 


—onrRo'dR = —27R — + as) dR 


Since there are shear stresses introduced 


by the wall friction, these must be taken 
into account. They are, on the inside of 


the ring, 


—o2nRrdz 


and on the outside, neglecting higher 


order differentials, 
am(R + dR)r'dz 


= atR (; oie pes aR) dz + 2rdR(rdz) 


The sum of these four forces must be 


zero, for the ring does not move, so, 
_ expanding and simplifying, 
6a 
is” ROR i) [3] 


To solve the three relations [1], [2], and 
[3], it is necessary to know 7 and pi: in 
terms of o, R, and z. Experimentally 
Kamm, Steinberg and Wulff, and Seelig 
and Wulff, found that the relation of 
density to pressure is, up to theoretical 
density, a parabola; that is, if k is a 
constant, 


= ko? + po [4] 


- Once at the theoretical density the metal 


is no longer compressible. The expression 
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for 7 may be left indeterminate but may 
be written as a separable product of two 
functions, 


T = f(R)f'() 


If f(R) is expanded as a series of terms 
in powers of R, 


—S(R) 
mist YEAR BRE C+ 40.0% 


then by writing this expansion into [3] it 
is found that to make the gradient 60/62 
finite, all terms to the right of BR are zero. 
From the multilayer experiments men- 
tioned by Kamm, Steinberg, and Wulff 
and by Balshin it is clear that the terms 
to the left of AR* are much smaller than 
the terms in A and B. 

The die-wall friction, which is equal to 7 
at R= R,, must be estimated. Assume 
a constant true coefficient of friction, 
which may, for these high stresses, be 
related to the critical shear stress of the 
metal. If the force normal to the wall is 
proportional to a, the area in contact with 
the wall being also proportional to o if 
there is no work hardening, the resultant 
frictional force then varies as the square 
of co. A further study of this matter will 
appear in a forthcoming paper, indicating 
that this is probably true even if there is 
work hardening. Mathematically, 


aF = Co's [3] 
Eq 3 yields 
be _ _ FF ae + BR) 


= ae (3A R?2 + 2BR) 
= —f'(2)(34R + 2B) 


Putting into this Eq 1 gives 


dF 


Rw 
Fy We ; omf’(2)(3AR? + 2BR)dR 


= —2nf'(z)(AR + BRw’) = — Cof"(z) 
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Eq 5 then gives 
—f'(z) = C30? 
and 60/6z = C\/(R + C’’)o? where the C’s 


are different constants. Integration of this 
partial differential equation gives 


=C(R+C)F(R)-2) [6 


a1 


The function F(R) is estimated by putting 
this value of o into Eq 2, using 4 


Z1 21 
Pozo = f, pids = ii (ko® + po)dz 
ws He kdz ie 
= Jo CyAR+ C F(R — 2)? © PM 


F(R)? — F(R): — a 


CRF C)G@0— 21) > 


From this, F(R) is found and put into 
[6], yielding the stress distribution 


I 
ou C(R + ap 


and finally the density distribution 


, 


pi = ko? + po = pot eer"| 


21 
2 
The properties of this equation can be 


seen more easily if the radical is expanded 
by the binomial series, giving 


pi = pot 


| VE 


1 I 
Citeai= C. )(21 Ws z) a 4Ce(R abe C”) (Zo =F 21) 


For small values of z the term containing 
(2, — z) is relatively important, so that 
as R increases the density increases. For 
larger values of z the other terms become 
more important, and as R increases the 
density increases. Further, p: is more 
sensitive to changes in z at large values of z. 
So the surfaces of linearly decreasing 
equal density are as shown in Fig 8. The 
lowest density occurs at the bottom edge, 


I 
2 (« A Vs + Cs2i(R + CDEC 5, 3) = | 
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as is found in practice; cylindrical* com- — 


pacts pressed from one side always crumble 
at the lower edge. 
The analysis given above holds true 


as long as Eq 4 applies. When the metal — 


at the top edge becomes completely dense 
it is no longer compressible, but moves 
like a rigid body. As more and more 


pressure is applied the region of solid 


metal increases. Its shape may be deduced 


apn he ym yah 


from Eq 9. For as compression becomes — 


greater the factor (zg — 21) 
making the term in (z: — 2) less im- 


portant; so the surfaces of equal density — 


curve more sharply towards the wall at 
the top of the compact, and the regions 
where p; decreases as R increases are 
confined to smaller values of z. The shape 
of the solid metal region must then become 
as in Fig g. Since it is supported from all 


Ais 1s Shs par hat 
(54+ Vet SEO) | 


sides it moves as a rigid body without 
changing its shape, merely becoming more 
extensive as compression increases. Con- 


2 


; | [o] 
16C72,(R + C’")3(z6 = 2)? cs ee 


sequently the compact may be thought 
of as divided into two parts. One is below 


the level shown in the figure at 3 = 2, 


and within it the mathematical analysis 
given above is applicable; that is, the 
density increases as 2 increases. Above 
z=, the influence of the die wall is 
lost, since the solid region moves as a 
rigid body. But in its stead there is sub- 
stituted a shear stress originating at the 


. ' 
increases, — 


[7] 


SEMINAR ON PRESSING OF METAL POWDERS 


inner surface of the solid region itself. 
Consequently this section of the compact 
may be thought of as representing an 
upside-down copy of the lower section, 


Fic 8—SuRFACES OF EQUAL DENSITY PLOTTED 
WITH EQUAL INCREMENTS OF DENSITY FROM 
ONE SURFACE TO THE NEXT. LOW COMPRESSION. 


with the compression applied from the 
bottom instead of from the top. Therefore 
as z increases the density must decrease 
above z. Near the punch, however, the 
smaller internal radius of the solid section 
causes the constant C; to increase, and 
therefore the density gradient again 
changes sign and the density increases. 
This superposition of, in effect, two com- 
pacts both being compressed from the 
level = 2, leads to a region of high 
density at that level. The condition of 
Eq 2 makes that density greatest at the 
center of z, than anywhere else at that 
level except the extreme edge. 


W. E. Krncston*—I should like to 


expand a bit on Mr. Seelig’s. comments 
on the cold bonding of powder compacts. 
While it is unquestionably true that the 
effect of particle size and shape has a 
definite bearing on the observed strength 
of a pressed compact, and also that other 
known factors such as the rupture of 
oxide scale and the interlocking of rough 
or distorted particles may be pertinent 
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in this respect, it is our opinion that these 
are of secondary importance. It is our 
hypothesis that the major factors con- 
tributing to the strength of a cold pressed 


Fic 9—THE REGION OF SOLID METAL IN A 
HIGHLY COMPRESSED COMPACT. 


compact are the interparticle bonds, and 
that these bonding forces are of atomic 
nature. 

In our consideration of the.cold pressing 
operation, we prefer to think in terms of 
the more basic temperature scale in which 
room temperature is equivalent to 300°K. 
In other words, cold pressing at room 
temperature might be considered as hot 
pressing at 300°K. 

Since movement of atoms, or self 
diffusion, may take place at any tempera- 
ture above absolute zero (provided sufh- 
cient energy is available) it is evident 
that at. 300°K the atoms, particularly 
those at or near the surface of the particles, 
may have a considerable freedom or 
mobility. As a result of the pressing opera- 
tion, the individual particles are brought 
together under conditions wherein very 
appreciable plastic stress is developed at 
or close to the points or areas of contact. 
This plastic deformation is associated 
with a corresponding increase in total 
free energy. 

Now this increase in free energy, plus 
the nominally high surface free energy 
of the particle, together comprise the 
potential energy which tends to cause 
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atoms at or near the points or areas of 
contact to rearrange themselves into new 
unstressed configurations which take the 
form of nuclei or seed crystals growing 
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factors. Thus, powders pressed at very 
low pressures, or unpressed powders, have 
small coherence. 


The schematic drawing shows the 
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Fic 10—ScCHEMATIC DRAWING SHOWING THE EFFECT OF SEED CRYSTALS IN CONSTITUTING THE 
ATOMIC BONDS WHICH ARE RESPONSIBLE FOR COHESIVENESS OF COLD PRESSED COMPACTS. X YZ ARE 


SEED CRYSTALS; abc ARE PARTICLES. 


across the contact areas. Atoms from both 
particles at each point or area of contact 
participate. 

The mechanism of this migration or 
rearrangement of atoms is self diffusion, 
and the result is the lowering of total free 
energy of the compact. 

It is my belief that these seed crystals 
constitute the atomic bonds which are 
chiefly responsible for the cohesiveness of 
cold pressed compacts. The degree of 
strength of a pressed compact is a factor 
of the size or number of seed crystals 
which grow across areas of contact, which 
in turn are a function of pressure (stress), 
rate of diffusion, particle size, and other 


proposed effect. Naturally the seed crystals 


. &, y, 2, are drawn on an exaggerated scale. 


The particles are denoted as a, b, and c. 
We consider that room temperature 


: pressing is an integral part of the sintering 


operation. We have demonstrated that 
when such powdered compacts are sub- 
sequently heated these seed crystals 
attain a size where they can be identified, 
by careful metallographic techniques, as 
grains growing across the particle contact 
areas. (This subject will be treated more 
fully in a paper which will appear shortly.) 

Another point previously brought out, 
was that in the case of refractory powders 
such as tungsten which is practically non- 
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deformable, the stresses at the points or 
areas of contact would be very high, thus 
promoting such a reaction. In the case 
of very ductile powders (as with copper) 
considerable. plastic deformation would 
take place with correspondingly greater 
areas of contact and lower stress con- 
centrations. It should be emphasized 
that this proposed atomic rearrangement 
takes place by self diffusion or migration 
of atoms, and therefore depends on the 
rate of diffusion or diffusion constant. 
Now the self diffusion constant of tungsten 
is extremely low and it is believed that 
much higher free energies must be made 
available to allow this mechanism of atomic 
rearrangement to take place to such an 
extent that it is effective in producing 


_ satisfactory cold bonding. Cold pressing 


is only feasible with tungsten powder 
when very small particle sizes and op- 


~ timum distributions are utilized. In other 


words, it is impractical to cold press 
tungsten powder having average particle 
sizes over 5 microns since the resulting 
cohesion is not adequate. The surface 
free energy/volume increases rapidly with 
decrease in particle diameter and in 
particle sizes below 5 microns this surface 
energy plus the free energy increase 
resulting from its non-plasticity, allows 
satisfactory bonding effects in pressed 
tungsten compacts. 

In the case of copper, nickel, iron and 
other comparatively plastic powders, the 
rate of self diffusion is great enough so 
that the lower unit pressure resulting 
from increased contact area may be 
considered adequate for the proposed 


mechanism to take place. As compared 


with tungsten, such powders may not 
require extremely high stresses for equiva- 
lent diffusion. Furthermore, with more 
plastic powders greater areas of contact 
are created and it is probable that instead 
of one or a few nuclei or seed crystals 
growing across the congruent surfaces, 
many individual ones may do so. In all 
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cases we believe that the tendency would 
be for such seed crystals (in the early 
stages of development) to take an elongated 
or lengthened form tangent to the surface 
of contact, as a result of the potency of 
the surface free energy forces in this 
atomic rearrangement. 

I think it noteworthy in these con- 
siderations that we remember that certain 
metal powders such as tin and lead may be 
completely sintered during the room 
temperature pressing operation. In these 
elements, the diffusion constants are 
extremely high. 

One of the previous speakers mentioned 
the fact that Balshin had reported on 
pressing experiments on tungsten powder 
having a particle size of 40 microns. From 
our experience, I would question very 
much whether appreciable coherence would 
be obtained with tungsten powders of 
such dimensions. 

The importance of particle size in this 
connection is two-fold. Firstly the smaller 
the particles the more points of contact 
or the greater number of bonds one would 
get in a compact of a given volume. 
Secondly, the smaller the particle size, 
the greater the potential energy available 
for forming such a bond, since the surface 
free energy/volume is a function of particle 
size. Both of these factors favor greater 
coherence with decreasing particle size. 

Another consideration which was brought 
out by Mr. Seelig and which I will take 
the liberty of re-emphasizing, is the 
importance of optimum particle size 
distribution, not only in obtaining maxi- 
mum properties in a pressed compact, 
but also during subsequent sintering at 
higher temperatures. 


F. N. Ruarnes—I think the idea that 
bonding by pressure may be associated 
with an almost immediate beginning of 
recrystallization at the points of contact 
is a very interesting one. I believe that 
we should think about it, see whether it 
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can be proved experimentally, and see 


where it will lead, because there does” 


seem to be much logic in it. 


R. I. JAFFEE*—I wish to discuss this 
so-called welding operation. In the first 
place, I do not think that it is necessary to 
go through a molten stage in order to 
get a true metallic bond in the pressing 
operation. There is a very practical method 
of welding known as pressure welding—or, 
as the British call it, recrystallization 
welding—in which you take two very 
clean pieces of metal and press them 
together, heat them up to a temperature 
considerably below the melting point, 
and you get a true metallic bond. Here 
the time is long enough and the tem- 
perature is high enough to get diffusion 
of the particular elements in the alloy 
or the metal. 

I do not think that the temperatures 
obtainable in a pressing operation at 
room temperature or the times are long 
enough to get very much diffusion. It 
would seem more logical that the binding 
forces are the type you get when you press 
Johansson blocks together. 

I wish to comment on cracking of 
compacts on release of side-wall pressures. 
We have done a small amount of work 
with tungsten and on the pressing of 
tungsten powder and have found, as 
Mr. Kingston found, that a very small 
particle size is needed. Particles from one- 
half to 6 microns seem to press quite well. 
I think they can be pressed up to about 
ro microns, 

We found that the die has to be very 
rigid. The die we used was essenttally 
similar to the one of Bridgman, where a 
conical die or a tapered external die 
surface is surrounded by another tapered 
yoke. The yoke has to be. quite massive 
so that the actual outward movement of 
the die walls is very small. 


* Battelle 


Memorial Institute, 
Ohio, 


Columbus, 


SEMINAR ON PRESSING OF METAL POWDERS 


In order to get a coherent compact, 


q 


we found that it was necessary to remove ~ 


the side pressures—this was on a bar, 
where it is side and end pressures that 


are released—before we removed all of © 


the top pressure. 

We could not get coherent compacts by 
ejection through the die. I think that 
one of the reasons for this is the very hard 
nature of tungsten particles. 


F. N. Rutnes—Mr. Jaffee, would you 
mind explaining what you mean by the 
type of bonding that we have with the 
Johansson blocks? What is your concept of 
this? 


R. I. JarreE—I think it is simply a 
pressure of the atmosphere on a vacuum 


between the two surfaces. In the same — 


way, it is very difficult to lift a plate of 
glass off a flat surface when you try to 
lift the entire plate. If you lift it up by 
one corner you have more success. 

When you have that type of bonding 
with metal powders, I think there probably 
is enough air squeezed out so that the 
external air around the compressed par- 
ticles exerts a similar effect of reduced 
pressure between the surfaces and a greater 
pressure external to the surface. 


A. J. SHALER—I disagree with Mr. 
Jaffee on the subject of the bond between 
these Johansson gages. It seems to me 


that the mercury barometer is evidence | 


that the pure vacuum existing between 
two plates like Johansson gauges will give 
a tensile strength between these two 
plates of 14.7 psi and no more. 


W. E. Kincston—J. M. McCauley, — 


who measured the cohesiveness of freshly 
cleaved surfaces of mica, obtained values 
of true cohesional forces of the order of 
550 psi. These data indicate that the 
strength developed by mutual contact far 
transcends any values attributable to air 
pressure. 
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It is possible that this cohesiveness, 
such as exhibited by Johanssen blocks, 
results from a similar phenomenon as 
that which I previously described, namely, 
the rearrangement and linking up of 
surface atoms from both congruent faces 
to form minute crystals of atomic dimen- 
sions that constitute the bonding effect 
noted. 


J. Wutrr—From Lord Rayleigh’s ex- 
periment, glass plates can only be separated 
after they have been “wrung” together 
with a tensile stress exceeding 500 psi«. 


A. J. SHALER—I think that probably 
the problem of the Johansson gauge blocks 
and of the quartz blocks and of the sinter- 
ing bond is all the same problem, and 
that the predominant force of adhesion 
is not a vacuum but a part of the inter- 
atomic bond present in the lattices of 


~ these materials. 


W. E. Kincston—I wish to interject 
another statement regarding the term 
“melting” which we frequently use. I 
believe Dr. Rhines also brought out the 


same point earlier in this discussion. 


What do we mean by the term ‘“‘molten’’? 
The conventional meaning assumes that 
the mass of a substance reaches a state of 
viscosity such that it flows like a liquid, 


- as does copper in a tungsten-copper com- 


pact sintered at high temperatures. 

Some physicists look on the molten 
state as being a function of the rate or 
degree of diffusion, or in other words the 
degree of mobility of atoms. From this 
standpoint, it is conceivable that the 
matrix or interior of a metallic particle at 
some temperature below the conventional 
melting point of the element, may be in 
the solid state, while the immediate 
surface layers of atoms may be considered 
as being in the molten state. 

The latter concept is substantiated by 
work carried out by C. H. Desch who 
experimented with angular gold crystals 
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and found that their surfaces became 
rounded at temperatures appreciably below 
the melting point of this element. C. C. 
Balke also reports similar results on 
minute angularly shaped gold crystals 
formed from the reduction of gold chloride. 
In this case, a definite rounding of the 
angular surfaces was reported at a tem- 
perature of goo°C. (Melting point of Au 
is 1063°C.) 

J. Wurtrr—Lukirski has recently shown 
that spheres of sodium chloride when 
heated assume a shape approaching a 
dodecahedron. Others have shown that 
tungsten beads heated below the melting 
point tend to deviate from the original 
spherical shape and assume a more crystal- 
line contour. This evidence appears to 
indicate that with some crystalline sub- 
stances the equilibrium profile may deviate 
from a sphere. 


W. E. Kincsron—lIn further confirma- 
tion of this, studies by G. F. Hiittig have 
indicated that the immediate surface 
layer of metallic powders should have a 
lower melting point than the interior of a 
particle, resulting from increased atomic 
mobility. Therefore it could be concluded 
that at temperatures below the melting 
point of the body of the particle, the 
rate of diffusion at the surface is suff- 
ciently high so that such areas could be 
considered molten. In this sense, one 
could say that the melting point is only 
relative, being a measure of the mobility 
or rate of diffusion of the constituent 
atoms. 


F. N. Ruryes—In connection with this 
matter of melting, I think it might be 
worth noting that when a pure metal is 
heated through its melting point, melting 
can be demonstrated to begin at the grain 
boundaries. There is further reason to 
believe that grain boundaries perhaps 
melt at a slightly lower temperature than 
the body of the grain-—or maybe they 
just get a head start. 
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To me, however, it is fairly significant 
that the temperature at which that occurs 
is very, very little below the normal melting 
point, and that you do not change the 
situation very much by an applied load; 
the amount by which it is changed is 
scarcely measurable. 


R. I. JArree—I should like to make a 
few added comments. Dr. Rhines rather 
tricked me when he got me into a dis- 
cussion of the nature of a bond in a 
Johansson block. I do not know enough 
about it. 

The point I did want to stress is that 
the bond is neither one involved in melting 
nor one involving diffusion—but whatever 
is inherent in the Johansson block is 
there in the bond in a pressed powder 
compact. 


F. N. Rutnes—I am sorry, Mr. Jaffee; 
I did not mean to trick you. What I was 
really getting at is that the Johansson 
block seems to offer a simplified example 
of bonding and, for that reason, we might 
do well to try to understand it first. 


R. P. S—EEL1Ic—When I mentioned that 
example of the gauge blocks, I was careful 
to point out that it was the case of two 
gauge blocks that were not completely 
clean—but can still be made to stick 
together. It appears possible that the 
adhesion might result from the fact that 
air is pushed out from the interface and 
not from atomic migration, cold welding 
etc. 


A. Squrre*—I have been expecting 
somebody to mention pieces of plastic. 
Since nobody else has done so, I think I 
shall. 

We know that if we take two sheets of 
plastic and just drop one on the other, 
we can separate them very easily. How- 
ever, if we work the two together just 
by bending backward and forward— 


.* Materials Engineer, Westinghouse Elec- 
tric Corporation, East Pittsburgh, Penna. 
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thereby squeezing out air, I assume— 
then they are held together by some quite 
considerable force. 

I am inclined to agree with Mr. Jaffee 
that there is not any atomic attraction. I 
do not think the pieces of plastic get 
that close together. We are just molding 
the one to the other, just as we are doing 
when we compress relatively plastic 
particles. 

It has already been brought out that, 
when we compress tungsten, the hard 
particles do not deform, and there are 
very few points of contact unless we use 
a very finely divided tungsten powder. 
Therefore, the bond is relatively weak. 
When we use a soft powder, the particles 
are deformed at their areas of contact. 
Those areas are increased, and we do 
get a fairly strong bond. 


F. N. Rutnes—All of this suggests to 
me that maybe a good research would be 
to study the Johansson blocks and see 
what the conditions are that control the 
force with which they are held together. 
It would be interesting to know how 
“bonding” changes with rising tempera- 
ture and how it changes with the at- 
mosphere in which the blocks are put 
together. 


A. Squire—If we are ready for a change 
of subject, I have one. I should like to go 
back to Mr. Shaler’s discourse on the 
pressing compacts and his theory that 
we form a cup in the powder. 

I should like to get the opinion of a 
few practical men in this field as to what 
would happen if we used a cup-shaped 
plunger in pressing a powder compact. 
I think they will probably agree with me 
that the powder will compress at the 
edges rather than at the center. That is 
what we usually find when we are trying 
to compress a compact of complicated 
shape. 

Mr. Shaler’s theory, and apparently the 
results that Mr. Steinberg has obtained, 
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bear out the fact that there is a dense 
region in the center. I had not heard 
that before; I have not had an oppor- 
tunity to read that paper yet. But this 
seems to be a little bit contrary to general 
practice, I think—to the general results 
that are obtained. 

It is something very interesting. I 
think it deserves more discussion than 
it has received so far. 


M. A. STEINBERG*—I would like to 
comment on the point that Mr. Squire 
brought up. 

If you recall the work of Balshin’ you 
will remember that he found similar 
results with multi-layer pressing and with 
hardness measurements. The multi-layer 
pressing showed that density was the 
greatest at the top edges of a cylindrical 
compact, while at the bottom of the piece, 
maximum density is found near the center. 
These results on the distribution of 
hardness (measured in Shore hardness) 
were obtained by Balshin on a pressed 
cube of copper powder. 

The work of Unckel? referred to by 
Mr. Seelig this afternoon corroborates 
our findings. 

Our results may be summarized as 
follows. In pressing cylindrical compacts 
with an initial height to diameter ratio of 
less than 2/1 the phenomenon of greater 
bottom center density than top center 
density is present to the normal ranges of 
pressures. If the ratio is increased to a 
value greater than 2/1 then the loss in 
compacting pressure due to side wall 
friction is such that the overall density 
across the bottom is very much lower 
than it is across the top of the compact. 
Also, the density at the bottom center will 
be lower than at the top center. 


* Massachusetts Institute of Technology, 
Cambridge, Mass. 

1M. Y. Balshin: The Theory of the Process 
of Pressing. Vestnik Metallopromishiennosti 
(1938) 18, 124. 

247. Unckel: Mechanical Properties of Sin- 
tered Iron for Porous Bearings. Archiv Eisen- 
hiuttenwesen (1944) 18, 125. 
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R. P. SreeLric—In connection with Mr. 
Squire’s first question concerning the cup- 
shaped punch, I wonder whether Mr. 
Shaler is ready to answer; and also whether 
he would comment on what he thinks 
at the moment might be the distribution 
in a compact that is pressed from top 
and bottom, instead of just from the top 
alone. 


A. J. SHALER—I think the answer to 
Mr. Squire’s question is this: if a cup- 
shaped plunger is substituted for the cup- 
shaped solid section two differences exist. 
First, the cup-shaped plunger has an 
edge of finite thickness, and powder must 
pile up under this edge, giving a dis- 
continuous density distribution; and, sec- 
ond, at the start of compression the 
powder adjacent to the inside surface 
of the cup has the initial apparent density 
of the powder, instead of being very 
nearly completely dense, as in the descrip- 
tion I gave. The two cases are, therefore, 
in my opinion, very different. 

As to Mr. Seelig’s question, I believe 
that it was in a paper by Seelig and Wulff 
that it was brought out that a compact 
pressed from both sides is symmetrical 
about its middle plane. I think, then, 
that under the conditions of the experi- 
ments reported by Mr. Steinberg, there 
would be a region of low density decreasing’ 
towards the wall in the middle a region of 
increasing density towards each punch 
at the axis followed by a region of decreas- 
ing density and again by a region of 
increasing density reaching to the punch 
faces and increasing towards the walls. I 
have not performed the experiment. 


F, N. Rutves—In my relative ignorance, 
that looks like a very nice answer. 


L. B. Kramer*—I wonder whether 
Mr. Shaler would show the distribution in 


* Biad Powder Metallurgy Co., Pittsburgh, 
Penna. 
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a punch that I am going to draw here—a 
convex punch. 


A. J. SHALER—Using a convex punch: 


as described by Mr. Kramer the densities 
will be relatively greater near the axis than 
when using a flat punch. The region of 
high density at the center of the dividing 
plane z, will be more predominant. The 
remainder of the density distribution 
should not be very different from the 
distribution described for a flat punch. 


F. B. Rocers*—I wish to offer an 
explanation for the formation of the dense 
areas at the top rim and the lower center 
of the cylinderical compacts that Mr. 
Shaler has stated were found in the work 
done at Massachusetts Institute of Tech- 
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nology. When the pressure is applied from 
the top only, the initial compacting starts 
at the top of the loose powder and pro- 
gresses toward the bottom. Die side wall 
friction comes into play as soon as the 
powder starts compressing. However, the 
effect is very slight in the initial stages. 
As the pressure is increased the side wall 
friction becomes greater. This friction, 
acting first at the top rim of the compact, 
causes a greater pressure to be needed 
here, than in the center of the compact, to 
produce the same amount of compression. 


He Sis rach has Electric Corp., Bloomfield, 
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Because of the greater pressure plus the 
fact that side-wall friction opposes further 
compression, an area of greater density is 
concentrated around the rim of the com- 
pact. Thus the cup-shape, mentioned in 
previous discussions, is built up throughout 
the entire pressing cycle. 

A possible explanation for the somewhat 
denser area found in the lower center of 
the compact under discussion, is this. 
It is an established fact that metal powders 
do not flow readily under pressure since 
this phenomenon has considerably limited 
the applications of powder metallurgy. 
Therefore, it is logical that most of the 
powder initially in the center section of 
the compact at the beginning of com- 
pression remained there throughout the 
operation. Thus, if the outer section had 
a denser area at the top rim, caused by 
the downward travel of the punch, there 
should either be a similar denser area 
somewhere in the center section or the 
density throughout the center section 
should be of a somewhat higher order. 
In other words, the average density of the 
outer section and of the center section 
should balance. I believe that the exact 
location of the higher density area is 
governed mostly by interparticle friction. 

I do not believe that the dense cup- 
shaped area could cause the dense area 
found in the lower center of the compact. 
For purpose of explanation I would like 
to consider the following figure of a 
hypothetical die and punch arrangement. 
Consider the top punch as being at posi- 
tion XY and the space between the 
punches as being filled with evenly dis- 
tributed powder. If the top punch was 


then moved to the position X’Y’, the 


powder now below point X’ will have been 
compressed 50 pct while the powder 
below point Y’ will only have been com- 
pressed 25 pct. Thus, omitting any effect 


of side-wall friction, the denser area will | 


be at the edge of such a compact and not 
the center. 
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M. SteInBERG—Thank you Mr. Rogers. 
Your comments underline our own results. 

One of the points that you brought out 
was that the pressure started to build up 
at the top edges of the compact and that 
the frictional forces build up as the pressure 
does. I should like to add a few remarks 
concerning this observation. 

In his introductory paper, Mr. Seelig 
presented some data that were obtained by 
Unckel. This data includes measurements 
of applied pressure, bottom pressure, and 
evaluation of frictional forces in various 
stages of the compaction of several com- 
pacts. The data of Unckel pertinent to iron 
powder are given in Table 1. 


TaBLe 1—Experimental Data on Friction 


in the Compaction of Iron Powders 
(after Unckel) 


EET aS 


Ejec- 


Pres- Fric- 
Punch tion : 
Length | Upper tierce Pres- ae 
Material | of Com-| Tons gtk sure | Tons 
of Sample ache 1s per pe Tons per 
nches quare pe 
Inch Square Square pees 
In 
Fe, 100 g 2.07 3-9 Rit 2.77 
2.44 7.8 3.0 4.84 
1.97 23-5 9.9 13.51 
; 1.81 SVane2 16.5 14.8 |18.90 
Fe, 50g 0.87 23.5 18.9 4.55 
0.79 35.2 29.3 5.26 | 5.83 
Fe—3 pct 2.50 7.8 2.8 5.05 
graphite 2.05 23.5 II.5 II.90 
100 g 1.890 35.1 21.0 9.10 |14.15 
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These data present values of pressure 
with corresponding frictional losses during 
the compaction process. It would, how- 
ever, be very interesting to know the 
pressure distribution throughout the com- 
pact at each instant during compacting. 

It is possible to obtain the average 
values of this pressure distribution from 
mathematical relationships introduced by 
D. W. Taylor* in his work on the con- 
solidation of clays in which pressure-friction 


relationships were worked out for the 


*D. W. Taylor: Research on Consolidation 
of Clays. Pub. from Dept. of Civil and Sanitary 
Engineering, Mass. Inst. of Tech., Ser. 82 


(1942). 


consolidation of a clay sample in a cylindri- 
cal die. 

On the basis of the assumption that the 
side friction per unit of area at any height 
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is proportional to “ the average vertical 
T 


pressure at that height, Taylor has arrived 
at the following expression for the average 
vertical pressure at any height 


Z 
om (6) 


where Q = average vertical pressure at 
height Z in a_ cylindrical 
compact of total height H. 
applied pressure at top of 
compact. 

F =total loss of pressure as a 
result of friction. (The difference - 
between top and bottom pres- 
sures). 

The derivation of this equation is worked 
out in Taylor’s publication and will not 
be discussed here. 

By the use of this mathematical inter- 
pretation of pressure-friction relationship 
as proposed by Taylor and with the data 
in Table 1 obtained by Unckel, it is possible 
to trace the pressure-height relationships 


lI 


Pe 


_ at each instant of compaction. 


The equation above will yield the 
value of pressure Q at depth Z for a 
compact of height H subjected to an 
applied pressure of Pz with a known fric- 
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tional pressure loss of F. Data for Ps, 
H, and F are given in Table 1 for different 
stages in the compaction process. By 
adopting various values for X from o to H 


on 
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the decrease in pressure begins to approach 
a hyperbolic function as proposed by 
Balshin. (c) At very high pressures (see 
Fig 3 on results obtained by multi-layer 
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Fic 13—GRAPH SHOWING PRESSURE DISTRIBUTION DURING THE COMPACTION PROCESS. POWDER 
TYPE-REDUCED SWEDISH SPONGE IRON. SOLID LINE, I00 GRAMS IRON POWDER. 
Dashed line, 100 grams iron powder plus 3 per cent graphite. Die diameter 0.827 inches. 


inches in each stage a series of curves 
as given in Figs 1 and 2 can be obtained. 
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Fic 14—GRAPH SHOWING PRESSURE DISTRI- 
BUTION DURING THE COMPACTION PROCESS. 
POWDER TYPE-REDUCED SWEDISH SPONGE IRON. 

Solid line shows 50 grams iron powder. Die 
diameter 0.827 inches. 


From the plots shown in Figs 13 and 14 
the following facts appear evident: 

1. Compacts of initial height to diameter 
ratio of 3/1. (a) At low pressures the 
decrease in pressure with height is prac- 
tically linear. (b) With increasing pressure 


pressing) the drop in pressure with height 
is very rapid and is also a hyperbolic 
function. (Note: Results shown in Fig 3 
were obtained independent of Unckel’s 
data by multi-layer pressing technique.) 
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Fic 15—GRAPH SHOWING EFFECTIVE PRES- 
SURE AS A FUNCTION OF HEIGHT IN MULTILAYER 
PRESSING. 


Curve number 1 shows 5 grams weight 
per layer. Curve number 2 shows ro grams 
weight per layer. 

2. By adding a lubricant to the powder 
the drop in pressure is so affected that at. 
low pressures, the slope of the curve which 
shows a linear relationship between pres- 
sure and height decreases; thus, pressure 
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does not decrease as rapidly as was noticed 
without a lubricant. (a) With increase in 
pressure an approximately linear relation- 
ship between pressure and height exists 
at a higher pressure than was evident 
in the compact without the lubricant. 
(b) Going to still higher pressures, the 
beginning of the hyperbolic relationship 
between pressure and height becomes 
evident. 

3. Pressing a compact with an initial 
height to diameter ratio of approximately 


z. 
=. (a) An approximately linear relation- 


ship exists between pressure and height 
at a much higher pressure than was evident 
in the compacts of larger height to diameter 
ratio. (b) On going to still higher pressures 
the beginning of a hyperbolic relationship 
between pressure and height is again 
evident. 


F. N. Rutnes—It seems to me that the 
evaluation of F would be a fairly im- 
portant thing. I wonder how you get at a 
value for that 


M. STEINBERG—The experimental ap- 
paratus used by Unckel is shown in Fig 1. 
The die was made to rest on three steel 
balls. Between the lower edge of the 
cylinder and the balls, there was arranged 
a plate made of soft steel. This was used 
so that the balls produced impressions 
during the compaction. From these in- 
dentations, conclusions concerning the 
pressure on the die could be made. 

A similar arrangement was used on the 
raised portion of the bottom plunger 
_ projecting into the cylinder which thus 
afforded an idea about the pressure acting 
at the lower end of the compact. The 
difference between these two pressures 
then was the pressure loss resulting from 
friction. 


H. B. Hunrress*—My remarks do 
not concern the previous discussion, but 


* Metallurgist, American Brake Shoe Co., 
Mahwah, N. J. 
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are related to the afternoon’s subject. 
They refer to the effect of oxides, either 
contained oxides or surface oxides, on the 
pressing characteristics of iron powder. 

In connection with some work which I 
did at Stevens Institute, in their advanced 
powder metallurgy laboratory course, I | 
prepared two series of powders, one 
electrolytic and the other a reduced iron, 
which had rather high oxide contents for 
the type of powder. The reduced was 
2.37 pct by hydrogen loss; and the elec- 
trolytic, 0.78 pct by hydrogen loss. 

From these powders, successive reduc- 
tions in the hydrogen loss were made, 
so that we had a series of powders ranging 
from 2.37 pct to 0.3 pct for the reduced, 
and 0.78 pct to 0.10 pct for the electrolytic. 

Compacts were then prepared at a 
constant pressure, and the densities were 
measured. On the reduced powder. com- 
pacts, the sintered density varied from 
6.12 for the high oxide content, to 6.87 for 
the low oxide content. The variation in 
the electrolytic powder was not so great, 
but the densities of the most thoroughly 
reduced or freshly reduced powders, 
when compacted, were about the same 
for the electrolytic and reduced, although 
electrolytic was slightly higher. 

We measured the sintered properties, 
too. However, since that does not fall 
within the subject this afternoon, I 
will not burden you with those figures, 
except to say that, when both powders 
had been freshly reduced, the tensile 
strengths were approximately the same. 
The effect of oxide content on tensile and 
other properties was very noticeable. 


J. C. Danec*—I wish to ask Mr. 
Huntress what precautions were taken to 
insure the same particle size after reduc- 
tion. It seems to me to be quite possible 
that the reduction treatment may have, 
in effect, made a coarser powder, which 


* Norton Co., Worcester, Mass. 
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naturally would press to a higher green 
density. 


H. B. Hunrress—There was no oppor- 
tunity to obtain the same particle size 
distribution in the freshly reduced powder 
that there was in the original powder. 
However, the particle size distribution 
was determined for the original and the 
most thoroughly reduced powder, and 
the difference was so slight that we believed 
that it had no effect on the final results. 
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The difference in properties that we found 
was much greater than I would expect 
from that slight difference in particle size 
distribution, when I consider the figures 
used by Mr. Seelig. 


F. N. Ruatnes—Before closing, I should 
like to thank Mr. Seelig once again for his — 
most excellent summary, and on behalf of 
the Powder Metallurgy Research Commit- 
tee, I wish to express our thanks for your 
interest in this program. 
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The Mechanical Equation of State 


By Joun H. Hottomon,* Juntor MemBer AIME 
Alfred Noble Prize} Recipient 


(Atlantic City Meeting, November 1946) 


In a recent paper,! a very early sugges- 
tion by Ludwik? concerning the nature of 
the mechanical behavior of metals has been 
reexamined and extended. In essence it was 
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STRESS 


STRAIN : 
F1G. 1.—EFFECT OF TEMPERATURE OR STRAIN 
RATE ON STRESS-STRAIN CURVES. 


suggested that there exists, at least under 
certain conditions, a mechanical equation 
of state; that the stress required for flow 
depends upon the instantancous values of 
the strain, strain rate, and temperature, 
and not upon their past values. It is pro- 
posed that under these circumstances the 
stress does not depend upon past history 


Ordnance Department, Water- 
town Arsenal Laboratory, Watertown, Mass., 
when the paper was written; now Research 
Laboratory, General Electric Co. The state- 
ments or opinions in this article are those of 
the author and do not necessarily express the 
views of the Ordnance Department. Manu- 
script received at the office of the Institute 
Feb. 7, 1946. Issued as TP 2034 in METALS 
TECHNOLOGY, September 1946. 

+ The Alfred Noble Prize is awarded annually 
to a young member of one of the four Founder 
Societies or the Western Society of Engineers 
for a published technical paper of unusual 
merit. . 

1 References are at the end of the paper. 
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of these variables, but is like the tempera- 
ture of a gas that depends only upon the 
instantaneous values of the pressure and 
volume. This notion has not been applied 
to present-day studies of metals, though it 


STRESS 


Fic. 2.—EFFECT OF CHANGING TEMPERATURE 
DURING TENSILE TEST IF EQUATION OF STATE 
IS VALID. 


is especially applicable to the study of 
creep. It is the purpose of this paper to 
analyze the significance and possible range 
of applicability of this idea and to deter- 
mine how it influences the accepted ideas 
concerning creep. 


STRESS-STRAIN RELATIONS 


It is well known that the stress-strain 
curves of metals are influenced by both 
strain rate and temperature. For a fixed 
strain rate and temperature there is asso- 
ciated with each metal a stress-strain curve. 
If cither the strain rate or temperature is 
changed a new stress-strain curve will be 
characteristic (Fig. 1). A much more gen- 
eral relation between the effects of these 
variables is possible, however. Consider the 
stress-strain curves of Fig. 1 determined at 
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the temperatures JT; and T2. Suppose now 
that after the metal is strained a ‘given 
amount e at 7, the temperature is suddenly 
changed to JT». The data of Fig. 1 do not 
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quired for flow does depend upon only the 
instantaneous value of the temperature, 
then the stress required for flow at T: will 
be the same as though the strain were intro- 
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Fic. 3—TEST OF MECHANICAL EQUATION OF STATE AT LOW TEMPERATURES (SAE-1020 STEEL). 


necessarily apply to this new situation. The 
question is whether the stress required to 


produce flow at T, after a strain € depends | 


upon the temperature at which the strain € 
was introduced. Stated in another way, the 
question is whether or not the stress de- 
pends upon the instantaneous values of the 
strain and temperature. If the stress re- 


duced at T, (Fig. 2). The same applies to 
the effect of strain rate. 

There are, of course, certain conditions un- 
der which such an equation of state cannot 
apply. If metallurgical changes occur within 
the metal during the deformation, the past 
history of the temperature and strain rate 
will affect the stress required for flow. For 
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example, if a metal is deformed to a large 
strain at a high temperature recrystalliza- 
tion can occur concurrently with the defor- 
mation. If, on the other hand, the same 
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future behavior. Metallurgical changes such 
as tempering, precipitation-hardening, or 
in fact any type of phase change, may in- 
validate the equation of state. There are, 
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FIG. 4.—TEST OF MECHANICAL EQUATION OF STATE AT ELEVATED TEMPERATURE (QUENCHED AND 
TEMPERED ALLOYED STEEL). 


metal is deformed to the same strain at a 
low temperature and then heated to the 
elevated temperature, recrystallization will 
not occur until after a finite time at the ele- 
vated temperature. The past history of the 
temperature does in this case influence 


however, many circumstances when such 
changes do not occur and others when the 
changes may be taken into account. 

At room temperature and below most 
metals undergo no change within moderate 
times. Thus, the notion of an equation of 
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state may be tested at low temperatures. 
In Fig. 3* are plotted the results of tensile 
tests on steel specimens. This figure indi- 
cates that the stress at a given strain at 
minus 105°F. is independent of the tem- 
perature of prior straining. As mentioned 
above, at elevated temperatures recrystal- 
lization can occur concurrently with the 
deformation. However, if the metal is 
strained only a small amount (less than 
about 0.05, or 5 per cent elongation) re- 
crystallization does not seem to occur. 
There appears to be a critical amount of 
deformation required for recrystallization 
to occur? (at least in reasonable time). 
Thus, for small deformations at elevated 
temperatures it is possible that the notion 
of an equation of state may be applicable. 
In Fig. 4* are illustrated the results of ex- 
periments at goo° and 70°F. on steel speci- 
mens. These data indicate that straining 
at the elevated temperature produces the 
same amount of strain-hardening as did the 
same amount of strain at room temperature. 
These preliminary experiments indicate 
that the equation of state is valid under 
conditions when it can be expected to apply. 


APPLICATIONS TO CREEP 


If an equation of state describes the 
mechanical behavior of metals, the stress 
at a given strain also will be independent 
of the past history of the stress. A metal 
deformed under a constant load to a given 
strain will have the same properties as a 
metal deformed in a simple tensile test 
with a varying load to this same strain. 
The creep behavior of metals, therefore, 
must be directly derivable from their 
tensile behavior. 

In Fig. sa are drawn load-elongation 
curves at several strain rates. The higher 
the strain rate, the greater is the height of 
the load-elongation curve and the greater 
is the strain-hardening. The rate of strain- 
hardening is reflected also by the strain 


*In the experiments the strain rates were 
the same and approximately 10~‘ sec,~!, 
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at which the load reaches a maximum.‘ 
The larger the strain rate, the greater is 
the strain before necking occurs. Now 
if the equation of state is valid and loads 
L,, L2, and Ls are applied, the defor- 
mation under these loads will be given by 
the intersections of the horizontal lines of 
Fig. 5a with the load-elongation curves. 
Thus for each of the constant loads, the 
strain rate at different strains can be 
determined as indicated in Fig. 56. The 
elongation at which the minimum strain 


rate occurs is smaller the smaller the ap-_ 


plied load, for the strain to maximum load 
(necking) decreases with decreasing strain 
rate. From these curves relating strain 
rate and elongation, elongation-time curves 
may be constructed as in Fig. 5c. Here 
the typical form of creep curves is evident. 
The three regions of creep, and the near 
linearity of curves in the secondary creep 
region, are illustrated. The inflection of 
the creep curves is manifestly not caused 
by the counteracting influences of strain- 
hardening and recrystallization,® for no 
recrystallization was assumed in the con- 
struction of the creep curves of Fig. 5. 
The elongation at which the inflection 
occurs is just the elongation at which the 
maximum load is reached at the strain 
rate of the point of inflection. 

The rate of strain-hardening is most 
important to the behavior of metals during 
creep. The strain-hardening can be ex- 
pressed simply by the recently developed! 
relation between stress o and strain e: 


o = K(e)™ [1] 


where K is a constant, and m is a measure 


of the rate of strain-hardening, called the — 


strain-hardening exponent. This equation 
has been shown to express the relation 
between stress and strain in room-tem- 
perature tensile tests. It has also been 
shown that the exponent m is exactly equal 
to the strain at which necking occurs. An 


analysis of stress-strain curves obtained at — 
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elevated temperatures indicates that the 
power relation shown is applicable under 
these conditions. The larger the exponent 
m, the smaller will be the rate of creep, as 
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strain-hardening varies with 
and temperature. 
It is important to point out that the 


predictions of Fig. 5 have not been directly 
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Fic. 5.—DERIVATION OF CREEP BEHAVIOR FROM TENSILE DATA. (After Zener and Hollomon.') 


can be deduced from Fig. 5a. Thus, the 
problem of creep becomes fundamentally 
a problem of determining the effect of 
strain rate upon the height of the stress- 
strain curve and the rate of strain-harden- 
ing as well as determining how the 


confirmed and experiments are necessary 
for this confirmation. However, the amount 
of creep that is generally of interest 
is less than about 2 per cent (strain of 
0.02) and for most metals recrystallization 
should not take place for strains so small. 
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Furthermore, even if these predictions are 
not quantitative, the cause of the devia- 
tions from strict applicability would be of 
extreme interest. 
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Fic. 6.—METHOD OF DETERMINING RELATION BETWEEN STRAIN AND STRESS FROM CREEP DATA. 
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Fic. 7.—METHOD OF DETERMINING RELATION BETWEEN STRAIN RATE AND TEMPERATURE FROM 
CREEP DATA AT CONSTANT LOAD. 


THE VARIABLES OF CREEP 


The concept of a mechanical equation of 
state leads to certain quantitative pre- 
dictions concerning the effects of some of 
the variables of creep. An example is 
given in Fig. 6, in which curves for creep 
rate versus elongation are plotted for 
several loads. Consider now the intersec- 
tions of a horizontal line with these curves. 
These intersections give data for the load 
at a given elongation at a constant strain 


rate. The points before the minima are 
reached (before necking)* should accord 
with Eq. 1. The stress (computed from the 


load and elongation) should be a power 


function of the strain (derived from the — 
elongation). The power is the rate of 
strain-hardening at that strain rate and 
will be exactly equal to the strain at which 
the strain rate in question will be a mini- 
mum on one of the curves. The strain-rate 
exponent will fix the point of tangency 
with one of the curves (L4 of Fig. 6 at 


* Points after the minima can be used only 
if the reductions of area are recorded, for after 
necking the strain cannot be determined from 
the elongation, 
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lo). The intersections at other strain rates 
will determine the strain-hardening ex- 
ponent as a function of the strain rate. 
The effect of temperature on the creep 
curves is also susceptible of analysis. In 
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tion and different loads, the variation of 
Q with stress can be determined. This 
relation between Q and stress should be 
just that given by direct tensile tests at 
different strain rates and temperatures. 
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Fic. 8.—METHOD OF DETERMINING RELATION BETWEEN STRESS AND STRAIN RATE FROM CREEP 
R DATA. 


Fig. 7 are plotted creep curves as a function 
of temperature. At a constant load at a 
constant strain (elongation) the creep rates 
at several temperatures can be derived 
from these curves. Af a constant stress, 
the relation between strain rate and 


temperature is given by the following 


equation:®’ 


K = teVkT [2] 


where K and R are constants and Q is a 
function of the stress. For the data on 
creep rate vs. temperature taken from Fig. 
7, since the load is constant and the elonga- 
tion is constant the stress is also constant 
and Eq. 2 should apply. Thus, if the log- 
arithm of the strain rate is plotted as a 
function of the reciprocal of the absolute 
temperature, a straight line should result. 
If values of strain rate and temperature 
are taken at different values of the elonga- 


Several investigators®® have utilized 
Eq. 2 for analyzing creep data. However, 
these workers have plotted the constant 
(?) rate during secondary creep as a func- 
tion of temperature. Fig. 7 (as well as 
actual creep data) indicates that the strain _ 
at which the creep rate reaches a minimum 
lowers with temperature and thus at each 
combination of strain rate and temperature 
a different. metal was being considered. 
Furthermore, if the strain varies the stress 
cannot be constant for ordinary constant- 
load measurements. However, if the varia- 
tion of strain is small (especially as 
compared with the variation of load), Eq. 2 
will relate the constant strain rate of 
secondary creep to the temperature. Eq. 
2 can apply to both creep data and tensile 
data if and only if the concept of the 
mechanical equation of state is valid. It 
has been shown by MacGregor and Fisher?® 
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that Eq. 2 applies to both tensile and creep 
data, thus confirming the notion of the 
equation of state. 

Fundamental relations between the 
creep rate and the stress may be derived 
from creep curves and should apply to 
tensile data as well. Recently it has 
been shown,’ by replotting numerous data, 
that the stress o is related to the strain 
rate € by the following equation: 


o = K(e)* [3] 


where K is a constant and ” an exponent 
that may depend upon the strain e (or the 
stress through Eq. 1). If creep rates at 
several loads are obtained as indicated in 
the diagram of Fig. 8, they can be plotted 
to determine the relation between rate 
and stress. The data must be taken at a 
constant strain (elongation), and _ this 
strain should not exceed the minima of 
the curves, for thereafter stress cannot be 
computed from the load and the percent- 
age of elongation. If the data are found to 
fit Eq. 3, the variation of the exponent 
with strain can be determined by plotting 
the data at different values of the elonga- 
tion (or strain). 

Many investigators have plotted the 
secondary creep rate as a function of the 
stress in order to derive fundamental 
relations. However, as indicated above, 
the strain at which the minimum creep 
rate occurs is not constant as either the 
load or temperature changes. If the strain 
changes, the data apply to different metals 
and the stress is not constant even though 
the load may be. 


APPLICATIONS OF RELATIONS 


In the conditions under which a me- 
chanical equation of state is found to 
apply to plastic deformation, certain 
general relations between strain rate, 
temperature, stress and strain can be 
applied to both tensile deformation and 
creep. This analysis of the creep problem 
indicates the cause of some of the dif- 
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ficulties that have been met in the past in 
establishing general relations between the 
variables. This analysis indicates how 
more fundamental relations may be de- 
veloped. Further, the relations suggest 
entirely new types of experiments that 
may be helpful in studying the creep prob- 
lem. For example, a specimen allowed to 


-creep to a given strain and a specimen 


deformed to the same strain in simple ten- 
sion should thereafter behave similarly. 
To shorten creep tests, therefore, some of 
the deformation may be introduced by 
simple tensile deformation. Such experi- 
ments would indicate the range of ap- 
plicability of the relations demanded by 
an equation of state. The temperature may 
be changed during creep experiments and 
the metal should behave as though the 
deformation had occurred at the second 
temperature. If this is even approximately 
correct, the time required for creep ex- 
periments may be appreciably shortened. 
It must be remembered that in performing 
these experiments care must be taken 
that no phase changes occur during the 
deformation. : 
In this discussion the concept of the 
mechanical equation of state is applied 
only to plastic deformation. It might be 
expected to apply to fracture if metal- 
lurgical changes do not occur during 
deformation to alter the structure of the 


metal. Even so the concept may apply. 


qualitatively, as indicated by the data of 
Miller et al.1! These workers found that 
in a particular steel intercrystalline fracture 
occurred upon tensile deformation ~ at 
r100°F. at a rate of o.or hr-! and trans- 
crystalline fracture occurred at a rate of 


1 hr.~! They tested the same metal by | 


deforming it first at the slow rate and then 
increasing the rate to 1 hr.~! until fracture. 
The specimen fractured transcrystallinly, 


as though the entire deformation occurred _ 


at the fast rate. A specimen deformed 
rapidly at first, then fractured at the slow 
rate, broke intercrystallinly. These experi- 
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ments indicate that the type of high- 
temperature fracture (but not necessarily 
the fracture stress) depends only upon the 
instantaneous value of the strain rate and 
not upon its past history. Additional 
experiments are necessary to determine the 
extent of the application of these prin- 
ciples to the fracture problem. 


CONCLUSIONS 


Recent experiments indicate that over a 
wide range of strains at low temperatures 
and for small strains at elevated tempera- 
tures, the stress required for plastic flow 
depends only upon the instantaneous 
values of the strain rate, temperature, 
and strain, and not upon the past history 
of these variables. Following an early sug- 
gestion by Ludwik and using this funda- 
mental relation, the qualitative nature of 
creep may be derived from the behavior 
of metals as deformed with a varying load 
in simple tension. Furthermore, the analy- 
sis of creep in the view of this new concept 
indicates that previous attempts to cor- 
relate the effects of variables have been 
partially in error. In particular, .the 
secondary creep rate usually has been 
plotted as a function of temperature or 
load. Since the strain is not constant when 
the creep rate is a minimum, these. rela- 
tions are extremely complex. More direct 
and simple correlations are suggested. 

New experiments are suggested to elu- 
cidate the nature of creep and to check 
the validity of concept of the mechanical 
equation of state. It is also suggested that 
the nature of the effects of variables on the 

stress required for fracture should be 
investigated to determine whether history 
has any effect. 
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DISCUSSION 


(M. Gensamer presiding) 


J. H. Pata* and A. V. WIJNGAARDEN*— We 
should like to make some remarks regarding the 
relation S = ke”. In connection with our work 
our attention was also called to the stress-strain _ 
curve, especially in the plastic range. We came 
to an equation for the S — e curve in the follow- 
ing way. Apart from the general shape of the 
tensile curve, only the following facts hold 
exactly: 

tat S =oise=0 


2° maximum load Pm is (2) = S» (indices 


m refer to maximum load). 

If the tensile curves are now represented in a 
diagram with 

Em 

2 and (<) as axes, the curves start at the 

m Em 
origin and intersect the point with abscissa 1 
and ordinate 1 at Pm, while the slope in this 


point has tangent 1, because 


S 
= ce 
i aNteebe we ok ae Pe m 
a(+) 


It was evident now that from a small amount 
of strain onward, the curves practically coincide 


ie a eee 

* Chief, Material Department and Research 
Engineer, Structural Department, respectively 
National Aeronautical Research Institute, 
Amsterdam, The Netherlands. 


544 


with the straight line passing through the origin 


with tangent 1. This means that the relation . 


between S and e may be fairly well expressed 


*) e \ém 
(s.) =) Bs 
The same result is also easily derived from 
Hollomon’s formula. At Pm is Sm = kem*”" thus 
k = Sm/em‘", from which formula 1 follows. 


From Eq 1 is found for the strain-hardening 
coefficient 


= = ke = En 2 and for the deformation energy 
iG € 
€ Sef 
Ac= . SEIS Series 


Of course Eq 1 is only exact at Pm, and may 
become even more accurate over a greater part 
of the curve by application of other constants. 

The advantage, however, is the exclusive use 
of constants, which have fundamentally the 
same character for all plastic metals, and which 
can almost exactly be derived from each true 
stress-strain diagram by relatively simple 
construction. 

[A general survey of these methods will be 
given in Metalen, Dec. 1946 (Dutch).] 

The same holds for the more complicated 
formula 2 

; Sm 
OS RVD Bs (25s 
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x [2] 
where Sz may be interpreted (with an excep- 
tion for soft steel) as the elastic limit. 


D. J. McApam, Jr.*—Mr. Hollomon’s idea 
that a metal stays constant until it recrystal- 
lizes is contrary to a vast amount of evidence 
that deals with crystal recovery; that is, soft- 
ening of a metal without recrystallization. 

As an example, I might refer to a paper by 
Karnop and Sachs. They showed that the 
amount of plastic deformation necessary to 
cause recrystallization increased enormously 
as the temperature was raised. They said, in 
conclusion, that plastic deformation at elevated 
temperatures is equivalent to a lesser amount 
of plastic deformation at room temperature. 


* Chief, Thermal Metallurgy Section, Divi- 
sion of Metallurgy, National Bureau of 
Standards, Washington, D. C. 

1R. Karnop and G. Sachs: Versuche tber 
die Rekristallisation von Metallen. Ztsch. 
Physik. (1927), 42, 283-301. 


. softens rapidly at room temperature.” In the 
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mal 


Many metals soften at temperatures far 
below the ordinary recrystallization range. 
Softening of some metals occurs at low tem- 
peratures; for example, the rate of actual work- 
hardening of copper and aluminum increases 
greatly between room temperature and the © 
temperature of liquid air.* This relationship 
can be correlated with the evidence presented 
by the writer and associates that aluminum 
deformed at the temperature of liquid air 


temperature range within which creep is prom- 
inent, softening is so rapid that the net rate of 
work-hardening is small. 

In the experiment represented in Fig 4 of © 
the paper, creep was so rapid (150,000 pct per 
1,000 hr) that very little opportunity was given 
for crystal recovery. The experiment, therefore, 
gives no warrant for the general conclusions — 
derived by the author. 

The idea that the stress-temperature-rate 
relationship should be studied with the metal 
held as nearly constant as possible is not new. 
Results of an investigation with this purpose in 
view have been published by Mr. Bennett and 
the writer.’ In these experiments with Monel 
metal the same specimen was tested at various 
stresses, both increasing and decreasing, and 
the ‘‘characteristic” strain rates were deter- 
mined. The range of temperature, however, 
was from 800°F to a temperature not far above 
the recrystallization range. Within this range, 
the metal work-hardened very little during the © 
series of tests. The same procedure could not 
readily be applied in tests within the range of 
more rapid work-hardening. 


: 
: 
; 


A. R. Kaurmann{—I should like to ask 
whether, in determining the strain as a func- 


* The increase in slope of the stress-strain 
curve with decrease in temperature does not 
necessarily mean an increase in the rate of 
actual work-hardening. In comparing rates of - 
actual work-hardening at different temper- 
atures, consideration must be given to per-— 
centage increases of stress with strain. 

2D. J. McAdam, Jr., G. W. Geil and R. W. 
Mebs: Effects of Combined Stresses and Low 
Temperatures on the Mechanical Properties of — 
Some Nonferrous Metals. Trans. Amer. Soc. 
Metals (1946) 37, 497-537. 

3jJ. A. Bennett and D. J. McAdam, Jr.: 
Creep Rates of Cold-drawn Nickel-copper 
Alloy (Monel Metal), Jul. of Research, Nat. 
Bur. Stds., (Apr. 1942) 28, 417-437. 

+ Massachusetts Institute of Technology, 
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tion of load and of time, corrections were made 
for the elastic part of the strain. I did not hear 
any mention of that in the paper. 


J. H. Hortomon (author’s reply)—The in- 
dependent verification of the strain-hardening 
relation by Messrs. Palm and Wijngaarden is 
gratifying. In particular, it is important that 
they confirmed the exponential relation be- 
tween stress and strain by observing that at 
the maximum load the strain is actually equal 
to the exponent of the equation. The author 
looks forward to their paper. 

The comments of Dr. McAdam are also 
appreciated and the first point he raises is 
well taken. In a development‘ of the present 
paper it is shown that there are two distinct 
ranges of temperature in which the state equa- 
tion is at least approximately valid. The type 
and effects of the deformation in the two ranges 

of flow are different, as might be anticipated 


4J. H. Hollomon and J. D. Lubahn: The 
Flow of Metals at Elevated Temperatures 
Genl. Elect. Rev. (Feb., April 1947). 
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from the work of many investigators, including 
Karnop and Sachs. As for the second point, 
the data Dr. McAdam quotes from his own 
investigations demonstrate only that the 
height of stress-strain curve and the rate of 
strain-hardening (actual or observed) do 
depend upon the temperature of deformation. 
The concept of the mechanical equation of 
state does not in any way preclude the pos- 
sibility that the stress may be differently 
dependent upon strain at different tem- 
peratures or rates of strain. If a metal is 
deformed .at liquid air, it does not undergo 
a change that softens it upon cooling to 
room temperature; it is just softer at room 
temperature. 

The data illustrated in Fig 4 were used only 
as an example of the independence of the flow 
characteristics of metals of prior heating under 
conditions when the metal does not change. 
Analysis of data for creep tests of 5000 or other 
changes are not significant. 

To answer Dr. Kaufmann, the concept as 
yet can be applied only to permanent strain. 


A Statistical Theory of Fracture 


By J. C. FisHer* anp J. H. Hottomon,t Junior MemBer, AIME 


(Atlantic City Meeting, November 1946) 


Tue fundamental problem concerning 
the fracture of both crystalline and 
noncrystalline solids is the divergence 
between the actual and the theorctically 
computed fracture stresses; the stress 
* required for fracture, computed from the 
forces between atoms, is many times 
that actually observed with commercially 
available materials. Computations have 
been made}? indicating that the theoretical 
fracture stress should be from i100 to 
1000 times that actually observed. There 
are other incidental problems that have 
arisen, perhaps the most important of 
which is the problem of size effect often 
observed in the measurement of the 
fracture stress of non-metallic solids, 
such as glass. Another effect concerns the 
relation between deformation and the 
stress required for fracture. Experiments 
recently made with pearlitic steels indicate 
that the tensile fracture stress increases 
with increasing tensile deformation and 
decreases with increasing prior com- 
pressive deformation. This marked ani- 
sotropy of the effect of deformation on the 
fracture stress is in contrast with the 
essential isotropy of the flow stress. 
Early experiments on rock salt crystals 
by Joffé, et al.* have illustrated the 
effect of tensile strain in increasing the 
tensile stress required for fracture. 

A consistent theory must be constructed 
that will explain not only the divergence 

Manuscript received at the office of the 
Institute December 26, 1946. Issued as TP 
2218 in METALS TECHNOLOGY, August 1947. 

*Instructor, Massachusetts Institute of 
Technology, Cambridge, Mass. 

+ Research Metallurgist, General Electric 


Company, Schenectady, New York. 
1 References are at the end of the paper. 
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of the measured fracture stress from the 
theoretical value, the size effect, and the 
effect of deformation; but will also explain 
and predict the effects of combined stress, 
of temperature, of strain rate, and of 


metallurgical structure. With respect to — 


this last variable, it has now been relatively 
well established that the carbide particle 
is the element of structure controlling the 
fracture of steels. In steels carbide particles 
vary in shape from plates to spheroids. 
It has been found that not only does the 


magnitude of the fracture stress depend | 


upon the size and shape of these particles, 
but also its dependence upon strain is 
affected by changes in shape and size of 
the particles. The precipitate resulting 
from the age hardening of duralumin 
also modifies the fracture stress of this 
alloy. Nonmetallic inclusions greatly lower 
the fracture stress of all metals. The 


magnitude of the lowering depends on — 


the size and shape of the included particles. 

In glass, the major source of the low 
fracture stress has been fairly conclusively 
demonstrated by Griffith’ to arise from 
real flaws or cracks present in the material. 
He showed that the stress concentration 
at the end of a defect was of sufficient 
magnitude to raise the stress at this 
location to a value comparable with the 
theoretical strength of the material. If 


the cracks were reduced in size, Griffith © 


showed that the observed fracture strength 
increased by virtue of the decrease in 
stress concentration. He also pointed 
out that cracks disposed perpendicularly 
to the applied tensile stress would be 
more effective in lowering the fracture 


enn 
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stress than cracks located at angles to the 
applied stress. 

In a recent study of the fracture of 
two-phase alloys, Zener and Hollomon® 
extended the notion of Griffith to these 
systems. They considered that the defects 
-controlling the fracture stress in metals 
were either particles of a second phase or 
inclusions introduced incidental to the 
manufacture of the material. Thus, steels 
containing plate-like carbide particles will 
have a lower fracture stress than those 
containing spheroidal particles. More im- 
portantly plate-like particles can orient 
during deformation to change their effec- 
tive cross section in a plane perpendicular 
to the fracturing plane. For pearlitic 
steels the fracture stress should increase 
with increasing tensile deformation be- 
cause of the reduction in effective cross 
section, and decrease with increasing 
compressive deformation because of the 
increase in effective crack cross section. 
The fracture stress of steels containing 
spheroidal particles. on the other hand 
should be less dependent upon strain. 
This prediction concerning the fracture 
stress of tempered martensitic _ stcels 
has not been checked directly because of 
the difficulty in experimental procedure. 
However, the results of impact tests of 
these steels as well as the dependence of 
ductility on temperature are consistent 
with this prediction made on purely theo- 
retical grounds.® 

Thus, the basic concept of Griffith 
concerning the effects of defects in solids 
explains qualitatively the relations between 
strain and structure and fracture stress. 
In particular it predicts that the de- 
pendence of fracture stress on strain 
should be anisotropic. 

The consideration of the fracture stress 
of metals containing plate-like defects 
would predict that the fracture stress 
at smaller strains is always less than the 
fracture stress at large strains. However, 
observations have been made by both 
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Sakharov? and by Zener and Hollomon® 
that indicate that at small strains the 
fracture stress first decreases and then 
increases. The concept of the orientation 
of defects does not lead to this dependence 
of the fracture stress upon tensile strain. 
It has, therefore, been proposed that the 
lowering of the fracture stress at small 
strains is caused by the initial plastic 
deformation.? It has long been thought 
that slip bands behave viscously and with 
time relieve all shearing stresses within 
them. Slip bands, therefore, can them- 
selves be sources of stress concentration 
and can cause lowering of the fracture 
stress. The limitation to slip band length 
in two-phase alloys such as steels is the 
carbide particle. This concept is in full 
agreement with the data relating strength 
and mean ferrite path obtained by Gen- 
samer et al.!° Thus, the stress concentration 
at the end of the slip band will be super- 
imposed upon the stress concentration 
arising from the carbide particle, producing 
a fracture stress curve having a minimum 
as is required by the data of Sakharov 
and Zener and Hollomon. The rate of 
relaxation or the rate at which the stress 
concentration at the end of the slip band 
increases will account qualitatively for 
the effects of strain rate and temperature 
upon the fracture stress. 

Qualitatively, therefore, it seems that 
there is now a consistent theoretical 
interpretation of the problem of fracture. 
As yet, this theory is not capable of quanti- 
tatively explaining the effects of structure, 
strain, rate, or temperature upon the 
fracture stress. It does, however, systema- 
tize the presently known data. 

One of the difficulties with the develop- 
ment of a quantitative theory of fracture 
arises from the fact that the defect produc- 
ing the largest stress concentration in the 
specimen must be responsible for initiating 
fracture. If in the case of metals these 
defects are, in fact, carbide particles and 
included particles bolstered by the stresses 
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induced by slip bands, the number of 
such particles must be of the order of 
magnitude of ro! per cubic centimeter." 
The effect of strain, size and structure 
must, therefore, be approached statistically. 

There have been preliminary at- 
tempts'2:!8 to analyze the fracture stress 
of solids from a statistical view-point. 
In the present paper a further effort is 
made by statistical analysis to rationalize 
the size effect in solids, the scatter of 
fracture stress values and dependence of 
the fracture stress upon strain; and to 
make an approach to the quantitative 
relations between the structure and frac- 
ture stress. The present study, while 
not complete, attempts to point the way 
for further theoretical and experimental 
investigations. 


NOMENCLATURE 
A,B Constants 
Cc Width of crack 
h Constant 
N Number of cracks 
n Same as N except as subscript 
Probability function with prop- 
erty that 


/ 2 p(«)dx = [probability that 
<4 < x] 


py.e*(8) Probability function withp rop- 


erty that 


[G° Pma*(8)d8 = 


probability that strength of a 
specimen containing N de- 
fects and subjected to stress 
System! Sg 0, Se — Sy = 
aS, when a < 1 will lie in the 
range B1 < B < By 


Radius of crack 

S S,*/Ah~*; critical normal stress 
relative to that for crack of 
width h 


_ 
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Pe Normal stress on plane with 
normal at angle @ with z-axis 


Sas Ac”; critical normal stress for 
fracture of a crack of width ¢c 

oF 

ay |p stresses 

Se 

a Triaxiality; S, = Sy = aS, where : 
a is constant 

B S,/Ah—”; axial stress relative to — 
critical normal stress for crack — 

of width h i 

B Mean value of 8 j 

sos Most probable value of 8 | 

€ log. (J/1.); true strain 

cH) Angle 

I Probability that a given ran- 


domly oriented crack will not 
fail when subjected to the stress __ 
system S,>0, Sz = S, =aS, 
where a < 1. 


STATISTICAL ANALYSIS 


The fracture of a real material can be 
investigated theoretically only by idealizing 
both the structure of the material and 
the method of fracture. The idealized 
model selected for analysis can be justified 
and accepted as a valid representation if 
the results of the theoretical analysis are 
in agreement with the observed facts, 
and are fruitful in suggesting new lines of 
investigation. 

The idealized structure assumed here 
is that of an elastic solid containing many 
cracks. The cracks are assumed to be 
thin and disc-like with elliptical cross 
sections. It is further assumed that they 
are oriented at random, and are separated © 
widely enough on the average so that 
there is a negligible amount of interference 
or overlapping of the regions of local dis- 
tortion which surround each crack when the 
material is elastically deformed. g 

Griffitht has shown that a crack in the 
shape of an infinite elliptical cylinder, 
with one axis of the ellipse large in com- 
parison with the other, will extend in- 
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definitely in the direction of the major 
axis of the ellipse once a critical stress 
normal to the crack has been exceeded. 
This critical normal stress was shown to 
be of such magnitude that the local stress 
at the sharp radius of the crack was 
roughly equal to the theoretical strength 
of the material. The critical normal 
stress was shown to be given by the 
relationship 


Sa* = Ac7*~ [r] 


where c is the major axis of the crack and 
A is constant for a given material.* Al- 
though Griffith’s analysis was not extended 
to ellipsoidal cracks, it seems reasonable 
to apply Eq rt to the disc-like cracks 
assumed in the present discussion. 
Assuming, as demonstrated by Griffith 
for the fracture of glass, that a specimen 
will fail when the normal stress on any 
crack reaches the critical value for that 
particular crack, it is now necessary to 

_ specify only the frequency with which 
- cracks having different critical normal 
stresses are encountered, in order ~ to 
determine the strength of a specimen 
containing many cracks. 

Rather than choosing a frequency dis- 
tribution for the values of S,* associated 
with a group of cracks, a distribution of 
crack widths will be selected, from which 
- the distribution of S,* values can be 


* A more general form of the relationship 
given in Eq 1 is 


so -a() 
Cc 


_ where Sn* is the critical normal stress, 7 is the 
- sharp radius of the ellipse, ¢ is the major axis 
‘of the ellipse and B is constant for a given 
material. Eq 1 assumes all cracks to have 
the same radius of curvature at the sharp edge. 
This assumption is not restrictive, as any 
assumption as to the frequency distribution of 

c-values in Eq 1 can be interpreted equally 
3 well as an assumption for the frequency dis- 
c tribution of (c/r)-values in Eq Ia. Wherever 
= the symbol c appears in the analysis it can, 
if desired, be interpreted as a value of c/r, and 
associated with a crack from a group with 
varying 7 and c values. 


Tote 


[ra] 
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derived. It is felt that a reasonable ap- 
proximation to the actual c distribution 
for defects in many real materials is given 
by the relationship 


P(f)=6% [2] 
Here f/ is a constant and p(c/h) is inter- 


preted as a probability function with the 
property that 


fir ()eG) 


is equal to the probability that c:. < ¢ < ¢s 
for a given crack. The frequency dis- 
tribution given by Eq 2 is shown graphi- 
cally in Fig 1. It can be seen that large 
‘cracks occur less frequently than small 
ones, ¢ =o occurring with maximum 
frequency. f 
Let the ratio S,*/(Ah7 “) be represented 
by the symbol S. Here S is the ratio of 
the critical normal stress for a crack of 
width c to that for a crack of width /, or in 
other words S is the critical normal stress 
relative to that for a crack of width 4. 
With this representation Eq 1 becomes 


=()" 


The distribution of critical normal 
stresses can be derived from Eqs 1b and 2 
by the relationship 


[xb] 


Cc 
few. 
“as 
Cc 
a(; 
giving 
a 
ieee [3] 


This distribution is shown graphically 
in Fig 2, which indicates that there is a 
most probable value of S, and therefore 


isos 


eaers 
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of S,*, occurring at S = (24)", or at where S, >O and S, = Sy. If the angle 
c/h = 34. between the m-direction and the z-axis 

Taking as a starting point the dis- is @, the normal stress on a plane per- 
tribution of crack sizes and of critical pendicular to the m-direction is 


1.0 


_— 

ox 

~_—. 
a 
> 
oO 
2: 
Ww 
> 
Co 
w. 
4 
wu 
w 
> 
= 
4 
a 
Ww 
« 


RELATIVE FREQUENCY P(S) 


fo] ne 4 & 8 10 12 -L& TS. 18" 20°22 5 245 26° 267 30% 32734 “S6Nes oan 
RELATIVE CRITICAL NORMAL STRESS S 


Fic 2—DERIVED FREQUENCY DISTRIBUTION OF CRITICAL NORMAL STRESSES. 


normal stresses given in Eqs 1 and 3, a S, = S, cos? @ + S, sin? d [4] 
statistical analysis of the fracture strength 

of materials containing one or more cracks regardless of the angle between the n- and 
Ban aida the x- or y-directions. Assuming that 


: et ‘ S, = Sy =a, 
Failure of a Specimen Containing a Single ‘ * [s] 
Crack where a@ is sometimes called the triaxiality, 
Let an element of material be subjected the expression for S, reduces to 
to a system of principal stresses S,, S,, S; S, = S;(cos? ¢ + «@ sin? $) 


2 boas es, ye 
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and 


ary [6] 


cos? @ = 


If @ < 1, Eq 6 indicates that there is an 
angle ¢ associated with each value of S, 


n 


F S 

in the range a < Ss. <1, for constant S» 
and @. For the particular value S,* the 
corresponding angle ¢* is given by the 
relationship 


Sar 
—a 
cos? @* = — [6a] 


Ifo < ¢ < ¢*, then from Eqs 6 and 6a it 
follows that S, > S,* and similarly for 


o*<¢ <* that Sa < Sn*. 


For a given crack inside an elastic 
material subjected to the stress system 
under consideration, the probability that 
the crack will have a normal stress exceed- 
ing the critical value for failure, S,*, is 
equal to the probability that the value 
of # corresponding to the crack lies in the 
range o< ¢< ¢*. This is true since for 
all ¢ in the range o < ¢ < ¢%*, the normal 
stress on the crack is S, > S,* and the 


Peete fail For ¢* << ¢< se een a 


and the crack will not fail. Since cracks are 
located at random, the probability that 
o<¢< ¢* can be computed as the 
ratio of (a) the area of the surface of a 
sphere cut out by a small circle subtending 
an arc of 2¢* as seen from the center of 
the sphere to (b) the area of a hemisphere. 
This ratio is given by the quantity 1 — 
cos ¢*. 

The probability that a. given -crack of 


Sas . 
strength S,* (where aS “5” S r) will 


~ fail is therefore 1 — cos ¢*. Hence cos $* 


is the probability that a crack of strength 
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S,* will not fail. According to Eq 6a, 
another expression for this probability is 


The probability that a 
crack of strength S,* 
in the rangea < S,*/ 
Siete Ee willaanotennatl 
when subjected to a 
system of stresses 
S78) OS. 0=s0 pe 
aS, wherea <1 


It is now of interest to examine the 
probability of failure for a crack of arbi- 
trary strength S,* and arbitrary orienta- 
tion. There are three cases. 

Sen 

(1) For 5 
crack will break. 


<a it is certain that the 


AY hs = 
(2) For a< 5 <1 the probability 


that the crack will not break is 
Sac 
S — 
San 


Sn* Hed 2 : , 
(3) For ea > 1 it is certain that the 


~ crack will not break. 
An arbitrarily selected crack has a certain 
probability of falling in one of the above 
classifications and not breaking. 
These probabilities are: 


. * 
(1) For = <a the probability is zero. 


* 
(3) For =e > 1 the probability is 


* (522) a (Se) 
ie ( Be aks. 
Sia 
where p Ee) is a probability func- 
tion with the property that 


[Pe aCs) 


is equal to the probability that 
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See 
—_— Sa —_— 
be . 
getting a value of 5, in the range 
rs, Sn* 4d AGS ) |is ; 


So NS 
After that, the probability that the 
crack will not fail is 


nt 
5 Te 
I—a 


Hence the probability of one fol- 
lowed by the other is 


» (2) VE (2) 


Integrating this over all values of 
* 


Dans , 
5, in the range gives 


pe ay 4 


(82) VERA). 


Adding the probabilities listed above leads 
to the following relationship: 


The probability that a specimen con- 
taining a single crack of strength S,,* 
will not fail when subjected to a sys-) = 
tem of stresses S, > 0, S, = S, = aS, 
wherea <1 

r) aS, 


[sts Pe=2 
8] 


where the symbol S, has been used to 
designate the ratio S,*/S, The right- 
hand member of Eq 8 can be rewritten as 


ie f * 9(S,) dS, 


Sie Cleo 


2] dS,. [8a] 
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h eh 2S,c3 5 
p(S;) = aS, hA kee vy *y 
d e 2 Sa . 
h 
. Ac-¥% n : 
SnCe mS ge oe The above “expression 


can be simplified to 


1(S:) = gagae PS [o] 


where 8 represents the ratio ——-. Eqs 8 


Ss 
Ah-* 


(or 8a) and 9 are now sufficient for a 


complete determination of the probability 
of failure for any given crack. This prob- 
ability depends only upon the parameters 
a and 8; and of course upon the assumed 
distribution of crack sizes, taken as 
p(c/h) = e~*/» in the present analysis. 


Failure of Specimens Containing Many 
Cracks 


A specimen containing N cracks will 
fail when the normal stress on any crack 
reaches the critical value for that crack. 
All other cracks must at that time have 


normal stressses less than or equal to the 


critical values associated with them. 

The probability that a given crack 
will not fail when subjected to the stress 
system S, > 0, S, = Sy = aS, when a < 1 
has been shown to be 


ae [ * p(S:)dS) —~ if * 9(S:) 
Jo 


The probability that (NV — 1) cracks will 
not fail is 


Ty-1 


The probability that (NV — 1) cracks will 
not fail and that the one other crack in a 


e 
The function (S,) = p(Sn*/S:) can — 
be evaluated as follows: 
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specimen containing N cracks will fail 
at a value of S,/Ah-” in the range 


Sy Se ( SS re: 6 
Anh-¥ to Ann + 4 2) (i.e. in the 


range 6 to B + dB) is 


This expression is valid for a_ single 
[(V — 1), 1] grouping of the WV defects in the 


pnor(8) = N [1 — i (S) VS, aSale Ga if * p(S2)-W'S; ai. 


specimen under consideration. There are 
N such groupings, and the probability 
Pna*(8) d8 that just one (any one) of the 
N defects will have a strength in the range 
gB to 8+ dg while all others have greater 
strengths is given by the equation 
Pnat(é) 8 = NIN || ap. [x0] 


The probability function p*n,a(8) defined 
in Eq ro has the property that 


f  Pma®(6) a8 


is equal to the probability that the fracture 
strength of a specimen containing N 


Sei 


poets lies between (1 EoTpey and 


Sa Ss 


pa8) = pepe feng as, [2 


S22 
Bs = Aire 
fixed values of N and « a plot of pn,«*(8), 
versus 6 will give the frequency distribution 
of fracture strengths (i.e. 6-values) for 
a specimen containing W defects subjected 
~ to the stress system under consideration. * 


for a given value of a. For 


* This analysis of the strength of a specimen 
containing many flaws has been given in sub- 
stantially the same form by Frenkel and 
Kontorova.!8 Assuming a normal (Gaussian) 
distribution of flaw strengths they derived 
the approximate relationship 


Sp = Se — V/A +B log V 
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Pn.a*(B) was determined as a function of 
8 for a number of values of N and for 
three values of a. The values of « selected 
were 
(a) a = 0, giving simple tension 
(b) a = 1, giving hydrostatic tension 
(c) a= —1, giving tension in the 
z-direction and equal compressions 
in the other two directions. 
For a = o, Eq to reduces to 


[roa] 


the quantity ye p(S,)--/ S, dS; was evalu- 


ated numerically for a number of values 
of 8, after which its. derivative with 
respect to 6 was also evaluated numeri- 
cally. It was then possible to compute 
the functions fn.o*(8) for N = 107 to' 
10! in steps of too. Curves showing 
pno*(B) versus B for a=o and these 
values of WN are given in Figs 3 and 4. 

For a = 1, Eq to reduces to 

I I 

Part(B) = are Fl —¢.P5-). Jiob] 
in finite form without the necessity for 
numerical computations. 

For a,= —1, Eq to becomes 


sale 265) Gas as, 


since p(S,) = 0 for S, < 0. From Eq toc 
values of fn,-1*(8) were evaluated numeri- 


[roc] 


DO CON ae ES Ss ae ee AS 
where Sp is the most probable strength of a 
specimen containing NV defects, V is the volume 
of the specimen (proportional to N ), A and B 
are constants and So is the most probable flaw 
strength. This solution breaks down for large 
values of V (large N) by predicting Sp <0, 
and for small values of V by predicting Sp 
imaginary. The first difficulty arises from the 
fact that the normal distribution assigns a 
definite probability to negative values of the 
flaw strength, and for specimens containing a 
sufficient number of defects, the smallest flaw 
strength is almost certain to be negative. The 
second difficulty comes from the fact that NV 
was assumed large in deriving the above 
relationship. For small N the approximation 
is not valid. ; 
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cally for each of several values of N 
in a manner similar to that for Eq 10a. 

A knowledge of the most probable 
value (g,) and the mean value (@) of 6 
corresponding to a given pair of V,a values 
is of great interest for a comparison of the 
strengths of specimens subjected to differ- 
ent stress ratios or containing different 
numbers of cracks. This information 
has been derived from Eqs toa to 10c 
and is given in Tables 1 and 2. Table 1 


TaBLE 1—Values of the Most Probable 
Relative Fracture Stress By» Versus the 
Number of Defects per Specimen N, 


for 


a = o (Simple Tension) 
a = 1 (Hydrostatic Tension) 
a=-I ue ension plus two equal Com- 
pressions) 
a Bp Bp(a@ = 1) | Bp(@ = —1) 
aS Ta fe 
SP se Dmg eFC a Bp(a = 0) 
1020 0.1473 
1018 
1016 }0.1767|/0.1647| 0.1787] 0.932 T,OL1 
Iol4 |0.1905]0.1761| 0.1928] 0.924 I.012 
10!2 |0.2080|0.1902] 0.21090] 0.914 I.0L4 
1010 |0. 2312/0. 2081] 0.2352} 0.900 1.017 
108 |0.2637/0.2325| 0.2607) 0.882 1.023 
I0® |0.3140/0. 2679] 0.3243) 0.853 1.033 
104 |0.4055|0.3265 0.805 ' 
10? |0.6363|0.4490 0.706 
IO |r.00 |0.5852 0.59 


contains the values of the most probable 


strength 6, for a= 0, 1, —1 and N in 
the range 1 — 10%, corresponding to the 
maxima of the pna*(8) versus 6 curves. 
Table 2 compares 6, and 8 values for 
a =o and a = 1, and for N in the range 
1 < N < 10”, It can be seen that the 
difference between 8 and 8, is negligible 
for N > 100, and that no distinction 
need be made between the two unless 
N < 100, 

A number of interesting observations 
can be made concerning the information 
given in Fig 3 and in Tables 1 and 2. 

1. Although cracks of a wide range of 
sizes may be found in each of a group of 
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TABLE 2—Ratio of Mean Value (8) to the 
Most Probable Value (Bp) of the Relative 
Fracture Strength, Versus the Number 

of Defects per Specimen N, for 
a = o (Simple Tension) 
a = 1 (Hydrostatic Tension) 


B 
N , Bp 
= 

a=o0 a=I 
1020 0.905 
1018 
1016 0.995 
Iol4 
1012 
rol0 0.990 
108 0.991 0.989 
106 0.987 
Io* 0.985 
10? I.019 1.021 
10 1.069 
I 1.972 


specimens composed of a given material, 
the scatter of fracture values is very small 
if the number of cracks is large. Fig 3 
illustrates this point clearly, and indicates 
that when N = 10!® for example, prac- 
tically all specimens tested in simple 
tension fail within about +6 pct of the 
mean. Even for specimens containing 
as few as 1o® cracks the scatters, is only 
about +15 pct. 

2. As illustrated by Figs 3 and 4 for 
a =o, and by Table 1 for a = 0, t or —1, 
there is a marked decrease in strength 
with increasing numbers of cracks. The 
mean strength corresponding to N = 108 
is nearly twice that corresponding to 
N = 1018, and less than half that for 
N = 100. This is to be expected, for the 
greater the value of N the more likely is a 
large value of c/h, and a correspondingly 
small value of the relative fracture strength 
8. It should be emphasized, however, 
that no marked size effect should be 
expected in materials containing many 
cracks. A volume change of. 100:1 in. 
specimens of a given material could only 
be expected to change the fracture stress 
by 7 or 8 pct in 5 Riise of 
Nieto ey 
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3. Triaxial tension causes a considerable 
decrease in strength over that for simple 
tension, the decrease being of the order 
of 10 pct for specimens containing 10° 
to 1o!6 cracks, and greater for specimens 
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5. Fora= 


o or 1 (and presumably for — 
other values of a) the difference between 


the mean strength 8 and the most probable — 
strength 8, is negligible for values of © 
N > 100, When N < 100, @is significantly — 


© EXPERIMENTAL POINTS : 
———— CALCULATED FRACTURE STRESS 


—-—-— CALCULATED STRESS FOR 
TRANSVERSE FRACTURE 


TRUE FRACTURE STRESS IN THOUSANDS OF PSI 


= t 
SS 


TRUE STRAIN 
Fic 5—TENSILE FRACTURE STRESS OF PEARLITE STEEL AS A FUNCTION OF STRAIN, ACCORDING TO 
HoLiomon. 
containing fewer cracks, as indicated greater than Bp. This can be seen from 


in Table 2. This decrease comes from the 
fact that in the simple tension test most 
cracks are unfavorably located with respect 
to the stress, and the “effective” number 
of cracks is much smaller than the actual 
number. 

4. Compression in the two directions 
perpendicular to a tensile stress slightly 
increases the value of the tensile stress 
at fracture. This increase follows from 
the fact that only those few cracks nearly 
at right angles to the tension stress are 
free from a significant compressive normal 
stress component. 


the B, ratios given in Table 2. 


THE EFFECTS OF REORIENTATION ON 
FRACTURE 


In order to apply the results of the 
present analysis to the fracture of metals 


which deform plastically before fracture, 


it is essential to consider the effects of 
reorientation on the fracture stress. 
If attention is confined to cracks having 


the major axis of the elliptical cross section . 


either in the direction of S, or at right 
angles to S,, the phenomenon of re- 


seh secnthinde amecmnaaial 


Se iets 
Wy 
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orientation during plastic flow in tension 
simplifies to (a) a change in the value of 
c with deformation; (b) a change in the 
radius of curvature at the sharp edge of 
each crack.* 

If the width c of the crack is at right 
angles to the stress S,, and if the strain 
in the direction of S, is e, the value of ¢ 
corresponding to a true strain € is 
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it can be shown that uniform plastic 
flow changes it into another ellipse. 
Further, the value of the radius of cur- 
vature r for the deformed ellipse can be 
shown to be given by the relationship 


5e 
7 =e" 


for a crack normal to the tensile strain e. 
This follows from the fact that r = 6% 
where b is the semiminor axis of the ellipse, 


TRUE FRACTURE STRESS IN THOUSANDS OF PSI 


o EXPERIMENTAL POINTS OF KORBER, 
EICHENGER AND MOLLER 


— — — CALCULATED 


-4 rt) -6 = 7, 


Fic 6—FRACTURE STRESS FOR PEARLITE STEEL DEFORMED IN COMPRESSION, THEN BROKEN IN 
TENSION WITHOUT FURTHER DEFORMATION. 


where c, is the value of c at e = o. This 
follows from the definition of true strain, 
e = log. (l/l) = 2 log. (D./D), and the 
fact that the relationship c/c, = D/D. 
holds for tensile plastic deformation. 
Supposing for a moment that an elliptical 


crack in a specimen deforms just as though 


it were a part of the specimen material, 


* Except for some cracks which, independent 
of deformation, may have radii of curvature 
of the same order of magnitude as the atomic 
distances, i.e. it would be expected that for 
glass, (where the radius of curvature at the 
boundary of each crack has been assumed by 
Griffith and others roughly equal to the 
atomic distance), deformation would not alter 
the crack radius. 


and a the semimajor axis; and that after 
deformation 


a—70,0e 
fo) SS lie 


The value of the critical normal stress 
for the deformed ellipse is 
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Here the equation for S,* must be taken 
in the form containing the ratio c/r, as 
changes in r are important in reorientation 
phenomena. 

Since S,,* = S,,*e’°* for each crack in a 
specimen, the fracture strength for the 
specimen will be given by the relationship 

3€ 


Sc= Sap? [x1] 


where S,, is the fracture stress when 
€=0. ¢ 

Pearlitic steel approximates a material 
(ferrite) containing elliptical cracks (cemen- 
tite plates). Fig 5 shows data from experi- 
ments by Hollomon™ demonstrating the 
increase in fracture stress of pearlitic 
steel with deformation. For comparison, 
the theoretical curve based on Eq 11 is 
shown. It can be seen that the two curves 
start with nearly identical slopes, but that 
the observed values later fall below the 
calculated. A deviation is to be expected 
since the specimens necked at a strain of 
approximately o.2 and the stress and 
strain systems no longer satisfy the 
assumptions of the analysis. 

A further comparison between theory 
and experiment can be made employing 
data from Korber, Eichenger, and Moller.'® 
Here pearlitic steels were deformed in 
compression, then broken in tension at a 
lowered temperature. A decrease in frac- 
ture stress with increasing prior com- 
pressive deformation was observed, and 
is predicted by Eq 11. Experiment and 
theory are compared and found in satis- 
factory agreement in Fig 6. 

If attention is directed to cracks initially 
parallel to the S, axis, it can be shown that 
the /ateral stress necessary for failure 
of the specimen is given by the relationship 


Sy = Sye7?™. 


This equation indicates that the stress 
for lateral failure decreases with tensile 
deformation, while the stress for failure in 
the direction of the deformation has been 
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shown to increase. There is no quantitative 
experimental verification of this prediction, 
although as has been suggested by Hollo- 
mon’ it is qualitatively supported by the 
lateral failure of certain temper brittle 
tension specimens after local necking has 
begun. The interpretation is that the 
lateral stresses developed in the neck of 
the specimen are sufficient to cause failure 
when the lateral fracture stress has been 
sufficiently reduced by reorientation. The 
theoretical reduction in the lateral fracture 
stress is indicated in Fig 5.* 


REMARKS 


The above analysis is capable of pre- 
dicting the scatter of fracture stress 
measurements for different specimens of 
a single material. It further makes possible 
a calculation of the effect of specimen 
size upon the fracture stress, as well as 
the effects of combined stress and plastic 
deformation. The analysis is based only 
on the assumption that fracture in solid 
materials is caused by the presence of 
randomly oriented defects having the 
properties of cracks, and that the number 
of defects having a given size is an expon- 
ential function of the size. 

The structure of metals governs both 
the number of defects and the frequency 


*In this discussion two important simplifi- 
cations have been made. First, only cracks at 
right angles to the stress S. and the correspond- 
ing strain €,; (or when considering lateral 
fracture, only cracks normal to the lateral 
stress) have been considered. It is felt that 
this simplification is justified since for mate- 
rials containing many cracks it can be shown 
that in simple tension practically all fractures 
are initiated at cracks nearly perpendicular 
to the S; axis. 

Second, it is assumed that the relationship 


Sn* “es B (:)" 
c 


derived by Griffith for cracks in the shape of 
infinite elliptical cylinders will hold for 
ellipsoidal cracks, as long as ¢ is a major axis 
(large in comparison with the minor axis) and 
y is the radius of curvature at its end. It is 
not expected that an exact analysis of the 
state of stress surrounding an ellipsoidal crack 
would significantly alter this relationship. 


om 
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with which defects of different sizes occur. 
Until such time as the number of defects 
and distribution of sizes are measured 
experimentally. the conclusions of the 
present paper must be judged on the 
basis of agreement with the known facts. 
Except possibly for the effects of combined 
stresses, this agreement is complete and 
quantitative.* 

For example, if the defects in metals 
are identified as particles of a hard phase, 
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1 cc of material in the necked region 
where fracture occurs. 

The theory predicts a significant size 
effect for the fracture stress of metals. 
A too-fold decrease in volume should 
increase the fracture stress of a specimen 
containing 10! defects by about 15 pct. 
A decrease in volume of 1ooo-fold should 
increase the fracture stress by about 
25 pct. Clean-cut measurements of the 
size effect in metals have not been carried 


RELATIVE MEAN FRACTURE STRENGTH 


o EXPERIMENTAL DATA OF WIRTZ 
(MEAN OF ~ 60 VALUES) 


THEORETICAL 


12 20m ane 


RELATIVE SURFACE AREA 


Fic 7—SIZE EFFECT.IN GLASS SPECIMENS. 


the number of such defects would be of 
the order of 10!® per cubic centimeter. 
The frequency distributions shown in 
Fig 3 indicate that specimens containing 
1ol° defects should have a maximum 
variation of about +10 pct from the mean. 
The actual variation of the fracture stress 
can be estimated from the data of Wells’ 
to be about +8 to +10 pct for 0.357 in. 
diam steel specimens containing roughly 


* The present analysis does not apply to 
fracture by shear. Whenever the words “‘frac- 
ture” or “failure’’ are used in this paper they 
refer to tensile fracture on a plane at right 
angles to. a tensile stress. 


out for specimens in which there was no 
difference in metallurgical structure or in 
fracture strain between large and small 
specimens. 
Measurements of the fracture stress 
for glass!® specimens show a variation 
of fracture stress corresponding to about 
ro? cracks per square centimeter of speci- 
men area.* Knowing the number of 
defects per unit area it is possible to 
calculate the variation in average fracture 


*For glass, in contrast to ductile metals, 
fracture generally begins at the surface. 
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stress with surface area of the specimen. 
In Fig 7, the calculated variation of the 
fracture stress is compared with that 
observed by Wirtz.1® Here again, the 
agreement with theory is good. 

In order to make his measurements of 
the fracture of glass, Griffitht drew fine 
fibers of various diameters from glass 
rod, and then measured their fracture 
stresses. In Fig 8 the fracture stresses 
obtained by him are plotted as a function 
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stress. It indicates that the tensile stress 
required for fracture increases with in- 
creasing tensile strain and decreases with 
increasing prior compressive strain. These 
predictions agree quantitatively with the 
observed effects of large strains. However, 
as discussed in the introduction, it has 
been found that the fracture stress de- 
creases for the first increment of plastic 
strain. This decrease has been attributed 
to a stress concentration arising from the 


Oo EXPERIMENTAL POINTS 


CALCULATED ON BASIS OF REORIENTATION ONLY 
——--CALCULATED ON BASIS OF REORIENTATION PLUS 


FRAGTURE STRESS IN 100,000's OF PSI 


° 
te) 2 4 6 8 10 61.2 


1.4 16 18 20 £2.24 72.6 


CHANGING NUMBER OF DEFECTS 


AS aR a 
[SA SISSiee ES TS oad seh a a Re 
See 


FIBER DIAMETER IN THOUSANDTHS OF AN INCH 


Fic 8—StTRENGTH OF DRAWN GLASS FIBERS, ACCORDING TO GRIFFITH. 


of the diameter of the fiber. In this same 
figure are calculated curves showing the 
relation of fracture stress to fiber diameter. 
One of these curves was calculated assum- 
.ing that the increase in stress was due 
only to a change in crack width with 
deformation, while the other includes 
also the effect of decreasing specimen 
area and the corresponding decrease in 
the number cracks per specimen. The 
fit is good and indicates that the primary 
effect arises from the reorientation of 
defects. 

The analysis also predicts successfully 
the effects of plastic strain on the fracture 


-relaxation of slip bands, which adds to 
that due to the effects of structure. The 
successful predictions for large strains 
illustrated in Figs 5 and 6 require however 
that the augmenting due to slip bands 
does not continue to increase for large 
strains. This conclusion is in agreement 


with the fact that the internal friction _ 


due to deformation increases rapidly with 
strain for the first fraction of one per cent 
plastic strain, after which it remains 
constant (cf. Zener?°). 

The only apparent disagreement with 
theory is found in the predictions con- 
cerning fracture under combined stresses. 
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In particular, the prediction that the 
tensile stress required for fracture de- 
creases in the presence of two equal 
transverse tensions is in disagreement with 
the conclusions of Sachs and Lubahn,?! 
and with those of McAdam and collabora- 
tors.22 While the following discussion of 
the combined stress problem is concerned 
only with the work of Sachs and Lubahn, 
it is thought to apply in part at least to 
the work of McAdam, et al. 

By performing tensile tests on notched 
specimens of S.A.E. 3140 steel, Sachs 
and Lubahn conclude that the tensile 
stress required for fracture increases as 
the two transverse stresses increase. The 
transverse stresses were made to increase 
by deepening the notch in the specimen. 
The volume of material in which fracture 
can occur is extremely small for notched 
specimens, and decreases rapidly as the 
notch depth is increased. Thus, if the 
present theory is even approximately 
correct, the fracture stress should increase 
with increasing notch depth because of 
the significant decrease in the already 
small number of cracks present. The 
specimens used by Sachs and Lubahn 
were heat treated after rough machining. 
The section size that was heat treated 
was very much smaller for the deeply 
notched specimens than for the shallow 
notched. Since these specimens were made 
of a steel very probably incapable of 
complete hardening in the full-sized sec- 
tion?®, the microstructure must have 
changed continuously as the section size 
of the heat treated specimen decreased. 
Thus the shallow notched specimens 
must have contained considerable bainite 
while the deeply notched specimens were 
probably fully martensitic before temper- 
ing. Because of these arguments, the 
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experiments of Sachs and Lubahn do 
not seem to warrant the conclusion that 
the fracture stress increases with increasing 
triaxiality. 
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Some Problems in Unstable Plastic Flow Under Biaxial Tension 


By W. T. Lanxrorp,* Junior Member AIME anv EpWARD SAIBELT 
(Atlantic City Meeting, November 1946) 


DurinG the course of an investigation 
of the plastic flow of aluminum aircraft 
sheet under combined loads, several 
problems arose in which analyses of the 
conditions leading to unstable plastic 
flow were needed. In order to provide 
these analyses, and in the hope of attaining 
a better understanding of the general 
problem of unstable plastic flow, the 
present study was undertaken. It is well 
known that unstable plastic flow is asso- 
ciated with a form of mechanical in- 
stability frequently observed during the 
plastic deformation of ductile metals. 
This instability is characterized by the 
fact that, at its onset, plastic straining will 
proceed at a constant magnitude of the 
externally applied forces. It is further 
typical that the resulting unstable flow is 
generally accompanied by the formation 
of a neck, a local bulging, or some other 
form of heterogeneous deformation. 

Perhaps the most familiar example of 
unstable plastic flow to the metallurgist 
is the formation of the neck in the ordinary 
tension test. It is well known that in this 
test most metals exhibit a maximum in 
the externally applied load, followed by 
the process commonly referred to as 
“necking down.” Instability in the simple 
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tension test has been frequently dis- 
cussed and numerous investigators!:?)*.! 
have derived the criterion for instability 
in terms of a critical rate of strain harden- 
ing. It is the purpose of the present study 
to extend the criterion for unstable flow 
to the more general case where the body 
undergoing flow is subjected to combined 
loads. It is hoped that the problems 
considered will provide a more consistent 
picture of the general features of this 
important form of mechanical instability. 

The most practical implications of 
instability in plastic flow arise in connec- 
tion with sheet metal forming operations. 
In the formation of a great many sheet 
metal parts, the deformations are produced 
primarily by stretching. If the conditions 
which lead to unstable flow are fulfilled 
in such a formation, and if the resultant 
instability leads to a pronounced localiza- 
tion of flow, then the useful limit of 
ductility of the material will have been 
reached. 

It is also essential that the effects of 
instability be taken into consideration 
in any study of the plastic flow and rupture 
of metals under combined stresses. In 
general, when unstable plastic flow is 
initiated, straining becomes localized, the 
geometry of the test specimen changes, 
and the state of stress in that portion of 
the specimen undergoing plastic flow is 
no longer under external control. In many 
past studies of the effects of combined 
stresses on flow and rupture, account has 
not been taken of the fact that, although 
a given test may be started under constant 


1 References are at end of the paper. 
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stress ratio conditions, these conditions 
cannot be preserved after the onset of 
instability, and the stress ratio varies in 
some unknown manner from the point 
of instability to rupture. As a result, in 
many cases conclusions regarding the 
nature of flow and fracture of ductile 
metals have been drawn which are not 
warranted. For example, the significance 
of the work of Maier, which is frequently 
quoted in support of the critical normal 
stress criterion for rupture, is almost com- 
pletely obscured by the failure to take 
into account the complex stresses intro- 
duced during unstable flow. 

A further practical problem in which 
unstable plastic flow may be of importance 
is in the design of structures in which some 
plastic deformation may occur. Caution 
must be exercised so that the allowable 
deformation is not great enough for 
unstable flow to occur, since this would 
obviously lead to failure of the structure. 

It should be pointed out in introduction 
that the analyses to be presented herein 
only indicate the conditions under which 
unstable flow will be initiated for some 
particular methods of loading. Although 
it is known that in general the deformation 
will become localized at the onset of 
instability, the problem of predicting the 
shape which the body will assume while 
undergoing unstable flow is too complex 
for solution at the present time. 


INSTABILITY IN SIMPLE TENSION 


Since the conditions leading to unstable 
plastic flow are well typified by the forma- 
tion of the neck in simple tension, this 
problem will be reviewed in order to in- 
troduce more properly the more complex 
problems to be treated subsequently. 
The form of the load-extension diagram 


- for the simple tension test is well known: 


the load rises at a gradually decreasing 
rate, passes through a maximum, and 
falls off, the diagram being terminated 
by fracture. At the maximum load, de- 
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formation becomes localized, and _ the 
specimen necks down. The physical picture 
of the events leading up to necking in 
simple tension has been frequently dis- 
cussed and appears to be quite clear. 

Two opposing tendencies are active 
in the simple tension test. One of these is 
strain hardening which tends to increase 
the load carrying capacity of the speci- 
men. Acting against the strengthening 
effects of work hardening is the decrease 
of cross section of the specimen caused by 
its elongation in the direction of the test. 
This latter process obviously tends to 
decrease the load carrying capacity of the 
specimen as straining proceeds. 

True stress-strain curves show that the 
rate of strain hardening (slope of the 
true stress-strain curve) decreases con- 
tinuously with increasing strain, at least 
up to the maximum load. When the rate 
of stress increase caused by work hardening 
has decreased to a value below the rate 
of stress increase caused by the decrease 
in cross section, deformation will proceed 
under constant load and becomes localized. 
In other words, the rate of increase of 
load carrying capacity of the specimen 
effected by work hardening falls below the 
rate of decrease of load carrying capacity 
caused by the decreasing cross section. 

This problem can be treated analytically 
quite readily. The load, L, on the specimen 
is given by 

Li=vAo, 


where A is the instantaneous area of the ; 
specimen and @ is the corresponding true 
stress. 

The instantaneous area, A, is given by 


A = Age, 
where ¢ is the natural logarithmic base, 6 


is the true strain in the axial direction 


given by 
Ao 


‘| 
oS i 


Then L =A. 
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The condition for instability is that 
flow shall proceed at constant load, 10% 
when 


dL =o. 
: OL OL 
Since dL = 4g 17 + 35 dé, 
then Aveda — Agse~*dé = 0, 
do 
and Fi tae 


That is, necking will begin when the slope 
of the true stress-strain curve becomes 
numerically equal to the stress at the 
point of measurement. This condition 
can be imposed on the stress-strain curve 
graphically or, more conveniently, by 
use of an analytical expression for the 
stress-strain curve. 

The true stress-strain curve for most 
metals can be approximated quite closely 
by the following relationship: 


= kd, 


where k and m are material constants. 
The use of this empirical form for the 
true stress-strain curve has been discussed 
recently by Gensamer,® Hollomon,® and 
others. Since the form of the curve is 
determined by the two constants k and 
n, this power relationship provides a 
very convenient basis for comparison of 
flow curves of different materials. As an 
example of the close degree of approxima- 
tion provided by this relationship, an 
‘experimental curve for one of the materials 
considered later in the paper is shown in 
Fig 1 along with points calculated using 
the k and n values found to give the closest 
fit to the experimental curve. The fit can 
be seen to be almost exact up to strains 
of about 0.5. Since the strains of interest 


in a discussion of instability are much: 


smaller, the power relationship can be 
‘used quite safely in the analyses presented 
here. 


Since o = kd, 


then “ = nk6r-}. 


The condition for instability as derived 
above is that 


do _ 

a6. ue 
or nkb*— = kd, 
which leads to = hs 


That is, the strain at the limit of uniform 
extension for a given material is equal to 
the value of the strain hardening ex- 
ponent.?:?7 A comparison of predicted and 
observed uniform elongations is shown in 
Table 1 for some aluminum alloys. 


TaBLe 1—Comparison of Predicted and 
Observed Uniform Elongations 


Predicted Observed 
Material Uniform Uniform 
Elongation Elongation 
Alclad 248-T...... 0.16 0.15 
Alclad 75S-T...... 0.10 0.09 
Alclad 248-O...... 0.21 0.16 


The observed uniform elongation values 
were determined on fractured 12 in. 
long by 2 in. wide tensile specimens by 
averaging elongations over several 1-in. 
gauge lengths outside the necked region 
of the specimen. It will be noted that for 
24S-O, the observed value is considerably 
lower than the predicted value. This is a 
consequence of the tendency for deforma- 
tion to be prematurely localized in this 
material, thus preventing theoretical uni- 
form elongations from being attained 
over long gauge lengths. Strain markings 
(“Luder’s Lines”) which form during the 
test reduce the specimen section at numer- — 
ous points. The strain at the point at 
which final necking down sets in will 
agree with the theoretical limit of homo- 
geneous strain, but because of the effect 
mentioned, the elongation at regions 
away from the neck will be somewhat 
lower. 
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This analysis of necking in the simple 
tension test provides the basis for sub- 
sequent analyses of more complex loading 
methods. The critical rate of change of 
stress with strain at which instability 
occurs for each particular loading method 
is first determined and then imposed on the 
stress-strain curve in order to determine 
the limiting uniform strain. 


INSTABILITY UNDER DirEcT TENSILE 
LOADING IN A PLANE 


Consider an element of a body sub- 
jected to direct tensile forces as in Fig 2. 


Renee Se 

eS Sa 

ee | eae 
eae 


— MAIER'S EXPERIMENTAL CURVE 


25 
@ POINTS CALCULATED FROM o=67,7 & 


TRUE STRAIN 
Fic 1—CoMPARISON OF EXPERIMENTAL AND 
CALCULATED STRESS-STRAIN CURVES FOR A 
MEDIUM CARBON STEEL USED BY MAIER. 


Assume that necking occurs in the 
direction of the greatest load. This load 
is given by 


In = oh. 
Since 1 = Ipe’s, 
and h = hes 
or h = hoe®s (61+ 62+ 6; =0 


from the constancy of volume condition), 
we can write 


a Oo lohoe®2**s; 
or again making use of constancy of 


volume 
i, = Oilohoe!. 


Instability will occur when Ji passes 


505 


through a maximum, i.e. when 


dL, =0. 
: OL OL 
Since dL; = a do, + 05, db, = 0, 
then 
GND = eS Iphoe~*1doy =a Olohoe*1d 5, 
: doy _ 
‘i dois 


In considering combined stress problems 
it will be necessary to make use of a 
generalized stress strain relationship ap- 
plicable to all states of stress. It is generally 
agreed that in the plastic range an in- 


L; 


Fic 2—ELEMENT SUBJECTED TO BIAXIAL 


TENSILE LOADS. 


variant relationship exists between the 
following functions of stress and strain:* 


ll 


o { (1 —o2)8 + (2 03) 
4 
+ @: — os} 


ll 


{2 [0.8 + 02+ 5} 


The a-d relationship, herein referred 
to as the “significant” stress-strain rela- 
tionship, can usually be established most 
readily from the true stress-strain curve 
in simple tension. It can be seen that 6 
and 5 reduce to o; and 6, respectively for 
this state of stress, so that the a-6 curve 
is equivalent to the ordinary true stress- 


* At least where the mean tension 


(2 Se 2 =) 


does not vary over a wide range. 
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strain curve. Since we have shown that 
the true stress-strain curve in simple 
tension can be represented in the form 


a = ko*, 


it follows that the same relationship can 
be employed for the “significant” stress- 
strain curve, i.e. 


& = ko. 


For states of biaxial tension (3 = 0), ¢ 
can be expressed as a function of o; and 
a, where a is the ratio of o2 to a1. Similarly 
by use of the following relationships * 
between the principal normal stresses and 
strains, which are at least approximately 
valid for isotropic polycrystalline metals, 


Rae {a1 —Z@to} 
Cc {2 = Sa+o)} 
c {23 = - (1 +o.) 


be 


ds 


5 can be expressed as a function of 61 
and a. Low? has carried out the analysis 
of this problem in this manner. Actually, 
however, it is not necessary to carry out 
the manipulations necessary to express ¢ 
as a function of 0; anda and 6 as a function 
of 6; and @ according to the above rela- 


‘tionships, as long as it is recognized that 


some such functional relationships exist. 
Thus, we can write 


& = o191(2) 


and 5 = dips(a), 


where ¢; and @z are functions of a only. 
The expression 


o 


ll 
= 
ol 

= 


. 


becomes 
oipi(a) = kb,"{bo(a)]”. 


* These equations express the equality be- 
tween the ratios of any pair of principal shear 
stresses and the corresponding principal shear 
strains. They also contain the constancy of 
volume condition. (cf. Ref. 2) 


Combining the two functions of a into a 
third function, we have 


o, = ko(a)di". {r] 
We can now apply the necking criterion 


dor 


dé, 


=d) 


, 


which for a constant stress ratio becomes 


aon _ 
abe = 01. 


Applying this condition to Eq 1 we find 
that 
6; =n. 


This result predicts that for directly applied 
tensile loads in a plane, the limit of uni- 
form extension in the direction of the 
greatest strain is a constant independent 
of the stress ratio and equal to the uniform 
extension in simple tension. 

The limiting deformation in a forming 
operation involving stretching should there- 
fore be approximately given by the uniform 
elongation in a simple tension test. There 
is very little data available to check this 
hypothesis although a few stretch forming 
tests carried out by Sachs, et al.§ seem 
to support it. In these tests, sheet metal 
blanks were stretched over a contoured 
form block so that biaxial tensile stresses 
were set up in the blank. A fair correlation 
was observed between the limiting strains 
in this test and the limits of uniform 
elongation in simple tension for the 
various metals tested. 


INSTABILITY IN THIN WALLED TUBES 
SUBJECTED TO COMBINED AXIAL LOADING 
AND INTERNAL PRESSURE 


By subjecting a thin walled tube to the 
proper combination of axial force and 
internal pressure, it is possible to produce 
any desired state of stress in the biaxial 
tension field, ranging from pure longi- 
tudinal tension to pure circumferential 
tension. This technique has been employed 

* 


in a large number of combined stress 
studies on metals, both to study stress- 
strain relationships in the plastic range 
- and the effects of combined stresses on 
‘ductility. It is important that the effects 
of instability always be taken into account 
in the interpretation of the results of 


Sara 


ae 
a) 


ee. such tests. 

4 In examining the experimental results 
Z. of previous investigators, it appears that 
instability in tubes under combined axial 
loading and internal pressure can be 


manifested in one of two ways: either 
by a maximum in the total axial force 
or a maximum in the internal pressure, 
depending on the particular state of stress 
under consideration. In the following analy- 
sis the loading equations have been exa- 
mined for the conditions leading to maxima 
- in both of these quantities. Critical rates 

of strain hardening for both cases are 
derived in forms containing the ratio of 
the principal stresses as a parameter 
and are then examined for different values 
- of this ratio. The greater of the two 
critical rates will be the controlling factor 
- since it will be attained at a lower strain, 
_ ie. if for a given state of stress, the critical 
_ rate of strain hardening for a pressure 
_ maximum is greater than that for a maxi- 
~ mum in the total axial force, then a pressure 
a maximum will occur, and conversely. 


le 
AY 


as 


ane 


combination of internal pressure and 
axial load. The pressure, #, will be given by 


‘3 


=— 


6 

- where or is the circumferential stress, / 
‘is the instantaneous wall thickness of the 
tube, and ¢ is the instantaneous radius 
of the tube. 
Since h = hoe®t—, 

where 67 and 6; are the tangential and 
longitudinal strains respectively, 


= 5 
r = roe’, 
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Consider a thin-walled tube loaded by a 


cat Ch 
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where fo and 7o are the original wall 
thickness and tube radius respectively. 
Eq 2 becomes 


h 
paler bs 


Now suppose that 
OT = ACL, 


where a >1 so that op is the greatest 
principal stress. From the flow equations 


Onc fo, _ 7 t+o,)} 
ey, {o2 = @st+o)} 
b= {ar —F +9} 


it may be seen that 


h bs ( ek 
jee ~ one ay athe) 
0 


or 


h 3a 
p= One ir(*.) . 
i ro 
The condition for instability is 


a8 


dp = ge md + 55, 7 dbr = (2), 
which will be reached when 
d 
GN see A [4] 


If, on the other hand, ox is the greatest 
principal stress so that 


OL =aorTr,a >1 


hot = [ 2a 2) | 
wehave p=——ore L't2a-1 
vo @ 
hot ae (25 
or b=—-o1e “\2a-1/. 
170 @ 


Instability will occur, therefore, when 


Sal 
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Now consider the conditions for a 
maximum in the total axial force. This 
quantity is given by 


F = omrho, = 2mo hoe*t~ proe®?. 


—5z 


Simplifying, F = amhoroore 


It is evident that dF =o 


dor, 


when hie: OL. [6] 


Since the total axial force is composed of 
two components, one from the external 
load and one from the internal pressure, 
a maximum in this quantity will probably 


CRITICAL SLOPE 


emer 
aoe i ee Fass faa] 


mage hn! 


Fic 3—CRITICAL RATES OF STRAIN HARDEN- 
ING FOR LIMITS OF HOMOGENEOUS FLOW IN 
THIN-WALLED TUBES UNDER COMBINED IN- 
TERNAL PRESSURE AND AXIAL LOADING. 


i. ——. 
Cy 


be manifested both as a load maximum 
and a pressure maximum. This pressure 
maximum is to be distinguished from a 
primary pressure maximum which arises 
directly from application of instability 
conditions to the pressure-strain relation- 
ship. It is interesting to compare Eq 6 
with the criterion for a maximum in the 
externally applied load. 

The stress in the axial direction is given 
by 


L 
CP Saclay jal 7 Be [7] 


OL = adr 
. orh 
Since ie 


it — ork 
we can write p= vie 
Eq 7, then becomes 
mrhor - 


pear fe +3 
or 


OL yb 
Pag E > 


The axial load L can then be expressed 
as follows: 
x 
Re yh 


A = Age, 


l= Agr (: 


Since 


we can write 


L = Age, (: Lae 


2a 
Instability will occur when 


OL OL 
dL =0 = a dor + a5 d1, 


which leads to 


dor 


diz 


This result is identical to that obtained 
for a total axial force maximum. 

In Fig 3 the critical slopes of the stress- 
strain curve at which the various types 
of instability occur have been plotted 
as a function of the two stress ratios, 
o,/or and or/o,. Pure tension in the 
axial direction occurs at o1/or= ©, 
and, similarly, pure circumferential tension 
occurs at or/o, = ©. The uppermost 
points, lying on the heavily inked curve, 
represent the controlling slopes. It is to be 
noted that instability in pure circum- 
ferential tension occurs at a greater 
slope and, therefore, a lower elongation 
than simple tension in the axial direction. 
This fact has not been fully appreciated 
in the past. 

The value of 6; at the onset of unstable 
flow for a given material will be inversely 
proportional to the slopes plotted in 
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Fig 3. This can be demonstrated by apply- 
ing the instability criterion equation for 
a pressure maximum to the significant 
stress-strain curve. 

It will be recalled that if 


the generalized stress-strain relationship 
a = kd" 
can be expressed for biaxial stress as 
o1 = kd(a)6,". 


Since for oz/or = a 2 1 the instability 
criterion is given by 


(ach ep sa 

; d6, PLO eb 1, 

and 
hs 1 
a = nkd(a)6:7-}, 

; n—-1l — 3 n 
we have nko(a)é 1 = ee ko(a)6y 
and yes n(2a — 1). 

3 
Similarly, for o7r/oz 2 1, 
$n 2a" *7) 
One opie 


A plot of 6; values at the limit of uniform 


flow for various stress ratios would there- 


fore have the form of Fig 3 inverted. 

This analysis has been applied to the 
experimental results of Maier‘ on steel 
tubes. The steel to be considered is a 
medium carbon (0.37 C) annealed steel 
which was shown to have a strain-harden- 
ing exponent of 0.25 in Fig 1. Good agree- 
ment between observed and predicted 
results is apparent from Table 2. Much 
better agreement is obtained in a com- 
parison of the theoretical values in Table 2 
with the experimental results of Griffis 


and Morikawa? on a similar material. 
_ Their results are also shown in Table 2. 
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TABLE 2—Comparison of Experimental and 
Predicted Values of Strains at Limit of 
Homogeneous Deformation for Medium 
Steel Tubes Tested under Com- 
bined Internal Pressure and Axial 
Loading 


Observed 61 at Limit 
of Homogeneous 


«,/o,, | Predicted 5: at Limit Flow 

L’ T | of Homogeneous Flow 

(Maier) | (Griffis) 

«2 0.25 0.23 0.24 

2 0.25 0.23 0.24 

I 0.08 0.11 0.07 

443 0.13 0.14 0.16 

°o 0.17 0, 21 0.16 


It is interesting to note the form of the 
region undergoing unstable flow for differ- 
ent ratios of the principal stresses. For 
pure tension in the axial direction, a cir- 
cumferential neck is formed as would be 
expected when the total axial force passes 
through a maximum. For pure circum- 
ferential tension, on the other hand, 
where a pressure maximum occurs, a 
one-sided bulge, or “blister,” is formed 
in which unstable flow occurs over a con- 
siderable area of the specimen. A longi- 
tudinal crack is then formed at rupture. 
The change from one mode of failure to 
the other according to Fig 3 should occur 
at o,/or = 2. Actually, differences in 
longitudinal and circumferential stress- 
strain curves, i.e. anisotropy introduced 
in fabrication, can shift this point to other 
stress ratios. It is generally observed, 
however, that below a o1/or ratio of two 
a local bulging occurs followed by a crack 
in the axial direction. 


INSTABILITY IN THE CIRCULAR HYDRAULIC 
Butce TEST 


It is well known that a thin sheet 
clamped over a circular opening and 
loaded by a uniformly applied fluid 
pressure is deformed into a surface which 
closely approximates a spherical segment. 
As loading proceeds, the volume of the 


a 
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segment increases and the radius of 
curvature decreases. Straining is not 
uniform over the entire specimen, but 
varies from a maximum at the crown of 


PRESSURE 


VOLUME 


Fic 4—ScHEMATIC FORM OF PRESSURE VOLUME 
DIAGRAM FOR R 301-0. 


the bulge to zero at the clamping edge. 
If the ratio of diaphragm diameter to 
thickness is sufficiently great, stresses 
can be calculated from simple membrane 
theory. In the following analysis it will 
be assumed that membrane conditions 
prevail, ie. that edge effects do not extend 
an appreciable distance into the bulge. 
This assumption is supported by con- 
tour measurements on bulges of 0.040 in. 
thick Alclad 24S-O sheet which indicate 
that. the deformed surface is spherical 
except in the immediate vicinity of the 
clamped edges. It is further assumed that 
the strain gradient from the crown to 
the base of the bulge is sufficiently small 
so as to have no effect. Comparison of 
results from circular bulge tests conducted 
in this investigation using 9 in. and 12 in. 
diam openings with results reported by 
Sachs?° of tests using a 6 in. diam opening 
indicate that below a certain diaphragm 
diameter at a given thickness a size effect 
exists. Average limiting uniform elonga- 
tions at the poles of 9 in. and 12 in. bulges 
agree almost exactly, while corresponding 
strains in the 6 in. bulge test are con- 
sistently a few per cent higher. Whether 
this size effect results from a difference 
in strain gradients or lack of conformity 
to membrane conditions in the small bulges 
is uncertain. It is apparent that differences 
in strain gradients must exist between 
bulges formed over different size openings, 


since the maximum strain at the crown 
of geometrically similar bulges will be 
about the same. For purpose of analysis, 
however, it will be assumed that mem- 


Fic 5—VERTICAL SECTION THROUGH CIRCULAR 
BULGE. 


brane theory is applicable and that any 
effects of strain gradients are absent. 

The condition for instability in the 
circular bulge test is that deformation 
proceeds with no increase in pressure, 
ie. that dp = o. It was observed in bulge 
testing the aluminum alloys 24S-O, 75S-O, 
and Rz3or1-O, that the pressure remiainell 
substantially constant during the last 
stage of the tests, suggesting the possibility 
of the occurrence of instability. The general 
form of the pressure-volume diagram of 
these materials is shown in Fig 4. 

Fig 5 shows a vertical section through 
the pole of a circular bulge at a particular 
stage in loading. The radius of the sphere 
of which the bulge is a segment is repre- 
sented by R, h is the height of the bulge, 
z is the perpendicular distance of any point 
on the bulge from a horizontal plane 
through the center of the sphere, and 0 is 
the radius of the circular opening over 
which the bulge is being blown. 

It is known that for a spherical mem- 
brane subjected to a uniformly applied 
hydraulic pressure 


“* N ==pR, [3] 


where WN is the tension per unit length, p 
is the pressure, and R the radius of the 
sphere. Or 


pene 6] 


where o is the stress and ¢ is the instan- 
taneous thickness of the shell. 

6, and 6, are the principal strains in the 
plane of the sheet. For the sphere 


= fy SO, 


_ and from the constancy of volume condi- 
=. tion, 


6: + 62 + 63; = 0, 
63 = —20 


t = toe's = toe, 


we find 
and 


[10] 


where fo is the original thickness. 
It may readily be established from the 
geometry of the circular bulge that 


be + fh? 
oh 


Substituting this expression for R, as 
well as Eq 10 into Eq 9 leads to 


im 4toohe-*5 

eS, a * 

2 p b? + h2 [x1] 
. Saibel!! has developed an analysis for the 
Z strain distribution in the circular bulge 
Z in which it is shown that the strain at any 
point on the bulge is given by 

ZA h2 + 2hz — 6? 


[12] 


where z is the height of any point on the 
bulge above a datum plane through the 
center of the sphere of which the bulge 
is a portion. Thus, p as given by Eq 11 
may be considered as a function of 6 
and o since h may be expressed in terms 
of 6 from Eq 12. When this substitution is 
made, z enters as a parameter which may 
be held fixed while the necessary condition 
for p to be an extremum is applied. That 
is, 
b = po, 9), 


ee OP eee. 
dp =0=5.do +55 db 


and 06 


' is the necessary condition that p be an 
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extremum. Or 
op 
do 06 
di ~ ap [13] 
0c 


Now Eq 13 will contain z as a parameter 
and may be examined for the critical 
value of z at which instability sets in. 


Op _— 4toheé 
do P+ 
Op 
a5 = 4loo 
ie A) (9% = 2he~*) ne | 
(b? 4 h*)? 
and 
dh I 
dé dé 
dh 


dé 
qh is readily calculated from Eq 12: 


dé hts 

dh 

dh b? 
so that Aches: 


The critical condition, Eq 13, reduces to 


do (b? oe h?) b2 
7° - aM mere] 


It may now be observed that the 
condition expressed by Eq 14 is first 
reached when z has its largest value, 
that is, at the pole of the bulge, where 
the greatest strain occurs. This may be 
seen more readily if the o1-6 curve is 
approximated by 


Cny = ko”. 
Eq 14 then becomes 
eee adie Eecadir an 
nid = 46 [2 — GE RES 


or 
(2 — hh?) v 
n=-i(2- Gamera) | 


ata 
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The value of z which first brings about a 
critical 6 is the largest it can have, namely 
z = R. If, then, in Eq 15 we set 


z= R, 


and substitute 


Fic 6—RELATIONSHIP BETWEEN LIMIT OF 
HOMOGENEOUS STRAIN IN CIRCULAR HYDRAULI- 
CALLY DIAPHRAGM AND THE STRAIN HARDENING 
EXPONENT. 


since it is shown in Saibel’s analysis of 
the strain distribution in the circular 
bulge that the strain at the crown is given 
approximately by h?/b? and it is at the 
crown, z = R, where the critical strain 
occurs, we obtain 


(1 — de) 
n= 2belt— GFE ts) FO 


from which the limit of homogeneous 
strain may be calculated when the ex- 
ponent of 6 in the generalized stress-strain 
relationship 

a = kon 


is known. Fig 6 is a plot of m versus 6 
at the limit of homogeneous deformation 
according to Eq 16. As can be seen from 
Table 3, excellent agreement is obtained 
between predicted and observed values for 
medium carbon steel and 24S-O since 
apparently these materials neck down so 
that measurements of strains on fractured 
bulges represent the limiting uniform 


TaBLE 3—Predicted and Observed Values 
of Uniform Extension 


~ 


Predicted | Observed 


Material ae Uniform Uniform 

Value] Extension | Extension 
RZ0Ts Os cassie isle 0.30 
Medium Carbon Steel] 0.25 0.22 


Alclad 24S-O........ 0.20 


elongation just before instability occurred. 
For R30r-O, however, the measured value 
is somewhat too high indicating that, if 
the analysis is correct, unstable flow has 
occurred uniformly over the dome of the 


_ bulge, tending to form a secondary bulge. 


Therefore, the measured strains on a 
fractured specimen of this material do not 
represent the strains at the beginning of 
unstable flow. 

Interesting qualitative conclusions can — 
be drawn from Fig 6 for materials with 
high yield strength-tensile strength ratios 
such as 24S-T81 and 24S-T86. These 
materials have low m values of the order 
of 0.05, and corresponding uniform elonga- 
tions of 5 pct in direct tension. In the 
circular bulge test these materials do not 
deform into spheres because of rather high 
bending stresses at the clamping edge 
which produce lower curvatures near the 
clamps than would be required for a 
spherical shape. The solution shown in 
Fig 6, although based on a spherical bulge, 
does indicate that these materials would 
be capable of much greater extensions 
in the bulge tests than in simple tension, 
which is in conformity with observed | 
results. 

The question arises as to what con- 
figuration the system assumes under 
unstable flow. Does a local necking similar 
to that observed in the ordinary tension 
test occur, or does unstable flow occur 
over a rather large area near the crown 
of the bulge, resulting in a uniform thinning ~ 
and a tendency for the formation of a 
secondary bulge? Two apparently different — 
modes of fracture were observed among the ih 


‘ } 
a 
- 


Wise is 


annealed materials. In the first, typical 
of 24S-O, a straight crack is opened in the 
longitudinal direction. Materials such as 
Rz301-O, which exhibit the second type of 
fracture, fail with a semi-circular crack 
near the crown of the bulge in such a 
way that a flap is lifted. Examination of 
fracture cross sections indicates that in 
the first type, the straight crack, a local 
necking has occurred, since a very pro- 
nounced reduction in thickness is observed 
at the point of fracture. In the second case, 
the local reduction is not as marked and 
the plane of the fracture surface is at 
about 45° to the plane of the sheet. It 
seems likely that unstable flow has oc- 
curred over a large area of the dome of the 
bulge leading to very high uniform elonga- 
tions. This is more evident in some tests 
on deep drawing automobile sheet where 
the ductility is sufficiently high that the 
bulge actually becomes a portion of an 
oblate spheroid. In those cases where 
necking is observed, the behavior is 
similar to that of a very long tensile 
specimen. The region affected by necking 
is very small and the elastic potential 
energy of the remainder of the specimen 
is so great that fracture occurs very 
rapidly and with no visible decrease in 
pressure associated with necking down. 


‘SUMMARY AND CONCLUSIONS 


The conditions leading to unstable 
plastic flow have been analyzed for several 
methods of loading and the critical rates 
of strain hardening at which instability 
will occur have been derived. The loading 
methods considered are: direct tensile 
loads in a plane, combined internal pressure 
and axial loading of thin walled tubes, and 
hydraulic bulging of a circular diaphragm. 
Completely analytical solutions for the 
limits of homogeneous strain for these 
loading methods have been arrived at 
through the use of the power relationship 
between significant stress and significant 
‘strain: 

a = ko.» 


y Hitherto, graphical solutions have been 
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necessary. The theoretical solutions for 


uniform strains show excellent agreement 
with experimentally observed values. 

The most important conclusion to be 
drawn from the solutions developed is 
that the limit of homogeneous deformation 
does not depend merely upon the state 
of stress, but is very strongly dependent 
upon the method and geometry of loading 
used to produce a given state of stress. 
For example, if a state of balanced biaxial 
tension is produced in a thin walled tube 
under axial load and internal pressure, 
the uniform strain can be expected to be 
less than one half the value to be expected 
in a_circular, hydraulically deformed 
diaphragm. This fact has not been properly 
appreciated in the past and is to be 
strongly emphasized. 
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Tue problem of sheet metal formability 
is one which has received a vast amount of 
attention during recent years. In spite of 
the great amount of study and experi- 
mental work which has been devoted to 
this problem, many of its fundamental 
aspects are still not well understood. No 
generally satisfactory test has been de- 
veloped which is capable of providing a 
reasonably adequate evaluation of sheet 
metal formability, particularly in border- 
line cases. Anomalies persistently arise in 
which a lot of supposedly satisfactory ma- 
terial exhibits excessive breakage when 
formed. This lack of suitable technological 
tests greatly hinders the design of new 
parts and the substitution of new materials 
in parts of existing design, frequently 
necessitating considerable costly trial and 
error experimentation on an actual pro- 
duction basis. 

When, at the beginning of World War II, 
it became apparent that mass production 
methods of forming would be required in 
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the aircraft industry if the large numbers of 
military aircraft needed were to be sup- 
plied, renewed attention was focussed on 
the problem of sheet metal formability. 
It was widely recognized that the forma- 
bility requirements placed on sheet metals 
had been steadily increasing in severity 
through the years, especially as greater 
and greater emphasis was placed on 
streamlined designs with the resultant 
freer application of doubly curved sur- 
faces. The recent advent of several new 
high strength aluminum alloys of more 
limited formability than some of the 
older alloys also served to emphasize the 
need for new approaches to the problem. 
It seemed evident that progress in the 
technology of sheet metal forming would 
depend to a great extent on the develop- 
ment of more reliable criteria for the 
evaluation of formability. Although the 
problem is admittedly very complex, 
the most logical approach appeared to 
be through studies of the fundamental | 
material properties of sheet metals, espe- 
cially under complex stress conditions 
simulating those prevailing in actual 
forming operations. Most previous in- 
vestigations have failed to make full use 
of existing knowledge of fundamental 
material properties, and in many instances 
have attempted correlations with proper- 
ties which are now recognized as being 
ambiguous in nature. This investigation 
was undertaken, therefore, with the aim 
of developing methods for the study of the 
flow and fracture of sheet metals under 
combined stresses, and of making use of 
such methods as might be developed in 
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conducting a systematic study of the 
fundamental flow and rupture character- 
istics of some of the more important 
aluminum alloy sheet materials. 

Since simple stress conditions seldom, 
if ever, prevail during the forming of sheet 
metal parts, efforts were at first directed 
toward the development of tests which 
would yield useful information concerning 
the behavior of sheet materials under a 
wide variety of stress combinations. The 
most profitable line of attack seemed to 
be the development of several such tests, 
each capable of producing a different 
combination of strains, and the sub- 
sequent interpretation of such data as 
might be obtained, in the light of existing 
plasticity theory. Because of the impor- 
tance of biaxial tensile stresses in a great 
many sheet-metal forming operations, pri- 
mary emphasis was placed on the further 
development of hydraulic bulge testing 
as a means of studying the behavior of sheet 
metals subjected to biaxial tensile stresses. 

Making use of two hydraulic bulge 
tests, each giving a different state of 
biaxial tension, as well as direct tension 
and compression tests, a study of the 
stress-strain relationships and of the duct- 
ility under combined stresses of several 
aluminum alloys has been carried out and 
is described in the present paper. In addi- 
tion, an analytical approach to the effects 
of combined stresses on the flow curve and 
on ductility has been developed and is 
presented in the final section of the paper. 


MATERIALS 


The materials included in this investiga- 
tion can be classified into two main groups: 
1. Annealed Materials consisting of (A) 
Non-Aging Alloys (B) Heat-Treatable 
Alloys 2. Aged Materials consisting of 
(A) Room ‘Temperature Aged Alloys 
(B) Artificially Aged Alloys. 

The tests to be described here were 
conducted on sheets of nominal 0.040 in. 
thickness, all of which were in the clad 
condition. All sheets were either taken 
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from warehouse stock or were supplied 
by aircraft manufacturers, and can be 
considered typical on the basis of the 
ordinary mechanical properties. 

The following materials were studied, 
Group 1-A: None. Group 1-B: 245S-O, 
7355-0, R301-0. 


.TABLE 1—Compositions of R301, 75S, and 


245 
Rgor 759 
Element 248 
Core 


Cladding | Core | Cladding 


TaBLE 2—Mechanical Properties of Alu- 


minum Alloy Sheets 
(0.040 Inch Gauge. All Sheets Clad) 


0.2 Per Cent 


) ie Tensile Elongation 
Material Strength Strength | in 2 Inches 
: psi Per Cent 
psi 

24S-Ot I0,000 26,000 20 
24S-T™ 40,000 62,000 13 
24S-RT™ 50,000 66,000 10 
24S-T80™ 49,000 62,000 8 
24S-T81™ 56,000 65,000 5 
245-T86™ 65,000 69,000 4 
5S-O! 15,000 36,000 16 
75S-T# 67,000 77,000 8 
R3o01-Ot 10,000 25,000 22 
R3o01-Wt 41,000 61,000 20 
Rz3o1-T* 61,000 69,000 9 


m—minimum specification values. 
t_typical properties. 


Group 2-A: 24S-T, 24S-RT, R301-W, 
73S-W. Group 2-B: 24S-T81, 24S-T86, 
R301-T, 75S-T. Nominal compositions 
and tensile properties of these materials 
are shown in Tables 1 and 2. 


STRESS-STRAIN RELATIONSHIPS UNDER 
COMBINED LOADS 


The Hydraulic Bulge Test 


Any endeavor to devise combined stress 
experiments for sheet materials is con- 
fronted with the basic difficulty that the 
choice of specimen configurations is very 
limited because of the small value of the 
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thickness dimension. In most of the 
previous investigations of the properties of 
metals under combined stresses, free 
choice could be exercised in the type of 
specimen, since it was generally desired 
either to substantiate certain theories 
or to study a certain material without 
regard for its fabricated form. In this 
investigation, on the other hand, it was 
necessary to develop tests for which the 
specimens would conform to the limita- 
tions of the material. 

For those combinations of stresses in 
the biaxial tension field, the hydraulic 
bulge test seemed to offer the most promis- 
ing solution to this problem.* In this type 
of test, the sheet specimen is clamped over 
an opening of the desired shape and 
deformed by a fluid pressure uniformly 
applied from one side. Such a test, using 
a circular opening, had previously been 
used as a means for studying ductility 
of sheet materials under balanced biaxial 
tension, but was not well understood and 
had not been used as a method of in- 
vestigating stress-strain relationships in 
the plastic range. 

It is well known that a sheet clamped 
over a circular opening and loaded in the 
manner described is deformed into an 
approximately spherical surface, the radius 
of curvature gradually decreasing during 
bulging. If the ratio of diaphragm diameter 
to thickness is made sufficiently large, 
membrane conditions will essentially be 
fulfilled, i.e. flexural rigidity of the dia- 
phragm will be negligible, and stresses 
can be calculated from membrane theory. 
For the circular bulge tests about to be 
described, a 12 in. diam diaphragm was 
chosen and the thickness of all the sheets 
tested was o.o4o in. These dimensions 
provide a diameter-thickness ratio of 
300:1, which was demonstrated to be 

* Several attempts to devise direct loading 
methods for producing biaxial tension in flat 
specimens were made. Because of difficulties 
with tearing at the gripped edges, uniform 


strains of only two or three per cent could be 
obtained.! 
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sufficiently great to provide a close ap- 
proximation to membrane conditions by 
examining sections carefully removed from 
the domes of several -unfractured bulges. 
These sections showed substantially no 
change in curvature on removal, supporting 
the contention that bending stresses are 
sufficiently low in magnitude that they 
can be neglected, at least in the center 
portion of the specimen which is the 
region of primary interest. The stresses 
at the pole of a circular hydraulically 
formed bulge can then be calculated at any 
stage of bulging from the expression? 


wie 


O2 = ’ 
y 2h 


ii [1] 
where o; and gz are the principal stresses 
in the plane of the sheet, # is the pressure, 
R is the radius of curvature, and / the 
instantaneous sheet thickness. Thus, meas- 
urements of pressure, radii of curvature, 
and strains provide the necessary data 
for the computation of the true stress- 
strain curve. 

It is evident that the strains in a hy- 
draulically formed bulge must vary from 
zero at the clamped edge to a maximum 
at the pole of the bulge. The observed 
strains are substantially uniform, however, 
over a considerable area around the pole, 
thus providing a reasonably large area 
of sufficient uniformity for examination. 

Biaxial tensile strains for strain ratios 
other than one to one are also of con- 
siderable interest in sheet metal forming. 
An elliptical bulge test was devised for 
producing strain ratios in this range. The 
test procedure differs from that of the 
circular bulge test only in the shape of 
the opening over which the bulge is blown. | 
By proper choice of the ratio of major to 
minor axes of the elliptical opening, the 
ratio of principal strains produced in the 
specimen can be varied through rather 
wide limits. In this method of loading, 
it was found by careful contour measure- 


2 References are at the end of the paper. 


ments that the sheet is deformed into a 
surface of revolution about an axis parallel 
to the major axis of the elliptical opening, 
so that stresses again can be calculated 
from simple membrane theory. For shells 
of this shape, loaded by internal pressure, 
the stresses at the crown are given by” 


ae 2 Sets, 
=F R(x 2Ry 
and 


where oj and az are the principal stresses, 
p is the pressure, / is the sheet thickness, 
and R; and R» are the principal radii of 
curvature. A consideration of the forma- 
tion of an elliptical hydraulic bulge would 
lead to the prediction that the strain 
ratio at the crown would change con- 
~ tinuously during bulging, gradually ap- 
__ proaching one. Tests on rubber diaphragms 
capable of several hundred per cent elonga- 
tion indicate that this is true. The strains 
attainable with sheet metal diaphragms, 
however, are sufficiently small that the 
strain ratio at the crown remains prac- 
tically constant during the test. In the 
particular tests performed in this in- 
_ vestigation, in which an ellipse 15 in. 
- by ro in. was employed, no change in 
ratio of uniform strains up to fracture 
was noted after the first 2 or 3 pct elonga- 
- tion. The particular dimensions of the 
ellipse used resulted in a ratio of a2 to o1 
of about 0.75 and a ratio of 6, to 6: of 
about 0.5. 

From the inspection of Eqs 1 and 2, 
it is evident that it is necessary that the 
pressure, radii of curvature, and thickness 
be known in order to calculate the true 
stresses during the bulge test. The pressure 
and radii of curvature can be measured 
directly. No direct measurement of thick- 
ness during the test is possible, however, 
without removal of the specimen from the 
testing apparatus. Since the true stresses 
must be based on instantaneous thickness 
values, it is necessary to calculate the 
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thickness from the instantaneous strains 
in the plane of the sheet. This may be 
readily accomplished by the use of the 
constancy of volume condition according 
to which the sum of the three principal 
normal strains in plastic deformation 
must be zero. Having measured the prin- 
cipal strains in the plane of the sheet, the 
thickness strain is established and the 
instantaneous value of thickness can be 
calculated from the original thickness. 

Strains were determined by measuring 
the distortion of a 20 line to 1 in. grid 
applied to the specimen by the photogrid 
process. In order to provide a permanent 
record of strain observations, the dis- 
torted grid was photographed at each 
observation during the test along with an 
undistorted grid placed in the same field. 
Strains were calculated from measurements 
on the photographic negatives. It was 
found unnecessary to correct the measure- 
ments of chord lengths to arc lengths, 
since for a 5-in. radius sphere (a smaller 
radius than any observed here), a t-in. 
chord differs from its subtended arc by 
only 2 parts in rooo. 

The materials used in these stress-strain 
studies were Alclad 24S-O and 24S-T 
sheet which, at least at the time this 
investigation was undertaken, were con- 
sidered the most important aluminum 
sheet metals used in aircraft fabrica- 
tion. Average stress-strain curves ob- 
tained on these materials in the circular 
and elliptical bulge tests are plotted in 
Figs 1, 2, 3, and 4. ' 

In plotting the results, generalized 
functions of stress and strain, referred 
to as significant stress and strain,* have 


* Significant Stress: 
4 
GS {le —o2)? + (62 —93)? + 3 - ah} 
Significant Strain: 


5= {3 (612 + 822 + sb 
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been employed. For the circular bulge 
test, the significant stress is equal to the 
tensile stress in the plane of the sheet, 
while the significant strain is equal to 
the reduction of thickness. True stresses 
and strains will be used throughout this 
discussion, i.e. all stresses and strains will 
be based on instantaneous rather than 
initial dimensions. It will be noted that in 
Figs 3 and 4 the curves plotted for the 


elliptical test agree quite closely with the 


replotted curves from the circular tests. 
An extremely important observation 
can be made from Fig 1, in which it will 
be noted that stress-strain observations 
were made at strains as high as 0.40. 
This is a consequence of the fact that in 
plotting stress-strain results in balanced 
biaxial tension, the reduction of thickness, 
which is twice the elongation in any 
direction in the plane of the sheet, is 
used as the measure of strain. It is possible 
to show® that instability in the circular 
hydraulic bulge test generally occurs at 
about the same elongation as in simple 
tension. This means that since the sig- 
nificant strain in the bulge test is equal 
to the reduction in thickness, stress-strain 
observations can be made under uniform 
conditions in the bulge tests to strains 
twice as great as in simple tension where 
necking down complicates the stress 
system. For some materials which are 
not prone to necking in the bulge tests, 
the unstable flow may occur uniformly 
over the top of the bulge and permit 
observations to still greater strains. It 
appears likely that in some materials 
stress-strain curves up to strains of 1 


can be determined. It can be seen then 


that the circular hydraulic bulge test 
offers a means of determining stress-strain 
curves under known and uniform stresses 
and strains up to much greater strains 
than can ordinarily be utilized. 


Micro-Compression Test 


At the time this investigation was 
undertaken, no sheet metal compression 
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test was available which was capable of 
producing large permanent strains. Exist- 
ing tests were designed primarily for 
compressive yield strength determinations 
and were limited to very small strains by 
buckling of the specimens. The over-all 
dimensions of the specimens used in tests 
of this type are so large relative to the 
sheet thickness, that the specimen fails 
as a column at comparatively small strains 
rather than continuing to flow in a homo- 
geneous manner. Since it was desired to 
obtain stress-strain curves under com- 
pressive loading up to large permanent 
strains, it was necessary to devise some 
new test. The micro-compression test, 
so called because of the minute specimens 
used, was developed for this purpose. 

The specimen adopted for this test is a 
rectangular parallelopiped, approximately 
0.04 in. by 0.04 in. by 0.12 in. The prin- 
cipal requirements for compression speci- 
mens of this size are that the surfaces 
be plane and mutually perpendicular, 
and that a minimum of cold work be 
introduced during preparation. It is diffi- 
cult to meet these requirements in such 
a small specimen and great care must 
be exercised in its’ preparation. The 
specimen blank is cut from the sheet in 
the desired direction by means of a slitting 
saw running at slow speed. The finished 
specimen is produced from this blank by 
grinding with successively finer grades of 
metallographic polishing paper, finishing 
with 3/o. During this grinding, the speci- 
men is held in a specially constructed 
jig which insures perpendicularity of the 
faces to a few tenths of a degree. 

A piston-cylinder fixture for compressing 
the micro-specimens was constructed in 
which the compression faces were ground 
accurately perpendicular to the axis of 
motion. The fixture is so designed that a 
rin. gauge length Tuckerman optical 
extensometer can be attached in order to 
measure displacement of the piston. In 
order to minimize friction between the 
ends of the specimen and the compression 
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faces, a thin film of soap was deposited 
on the compression surfaces. The com- 
pression was carried out in a stepwise 
manner and the film replenished frequently. 
A photograph of the piston-cylinder 
fixture is shown in Fig 5. 

Strains are reported as natural strains, 
ae, 


h 
On = In a 


and the true stress is calculated from the 
relationship 


_ 
G— Ave® 


oP aS ae 
Nea 


where o is the true stress, LZ is the load, 
and Apo is the original cross section. 
Typical stress-strain curves obtained 
by this technique are shown in Figs 6 
and 7, which were determined on speci- 
mens taken parallel to the rolling direction 
in Alclad 24S-O and 24S-T. No bulging 
or barrelling of the specimen was noted 
in these tests and by exercising special 
care in carrying out the test, strains as 
R great as 0.50 could be attained without 
a serious barrelling of the specimen. 
¥ 


\. 
5 


a Nv > 


Micro-tension Test 


Early in the work on micro-compression, 
a question arose as to whether a size 
effect existed in the testing of such small 
specimens. It seems a reasonable assump- 
tion, in testing material one dimension 
of which is already small, that the micro- 
specimen should be representative. One 
dimension of the specimen is simply the 
sheet thickness and one of the other 
dimensions is made the same. It was con- 
sidered advisable, however, to develop 
a micro-tension test, the results of which 
could be compared to tests on standard 
size specimens, in order to determine if 
a size effect actually exists. 

“The micro-tension specimen shown in 
Fig 8 is machined from a blank approxi- 
mately 2 in. by 34 in., the width at the 
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center being reduced to o.o4o in. by 
cutting from either side with a 1}4-in. 
radius milling cutter. A special fixture 
was designed to prevent bending of the 


FOR MICRO-COMPRESSION TESTS. 


specimen during machining, and to locate 
the pin-holes accurately on the center 
line of the specimen. The cross-sectional 
dimensions at the least section are the 
same as those of the micro-compression 
specimens (0.040 in. by 0.040 in.). 

The specimen is tested in a special 
fixture, shown in Fig 9. The cross-sectional 
area of the specimen at the minimum 
section is measured as the test progresses 
by means of two measuring microscopes 
mounted so as to view two perpendicular 
faces of the specimen. By application of 
the law of constancy of volume, 6, is 


found to be equal to In “* where Ay and A 


are the original and instantaneous areas 
respectively. True stress-strain curves 
obtained in the micro-tension test for 
24S-O and 24S-T are plotted in Figs 10 
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and rr. It was found that up to the maxi- 
mum load (limit of uniform extension), 
these curves coincide with those deter- 
mined using standard size specimens. It 


See Yg" D. 
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may be concluded from these results that 
size effect is absent in the testing of 
specimens of this size from commercial 
24S-O and 24S-T Alclad sheets. 


Summary of Stress-strain Curves 


It is now generally agreed that isotropic 
polycrystalline metals conform to a gen- 
eralized stress-strain relationship in the 
plastic range, which can be expressed as 
follows: 


é = f(d), 


where ¢ is the generalized stress function 
and 6 the generalized strain function. 
If we designate the principal normal 
stresses and strains in the conventional 
manner by ai, 62, 73 and 4j, 52, 3, 6 and 6 
are given by 


c= i, [ @: — 902)? + G2 teat 
+ @s —o,)?|\" 


5 (2 [arsine i)" 


These functions have been referred to 
herein as significant stress and significant 
strain respectively. It should be pointed 
out that for simple tension, the significant 


and 
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stress and strain reduce too, and 6, which 
are simply the familiar true stress and 
true strain in the simple tension test. It 
follows, therefore, that if the significant 
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stress-strain relationship is valid, then 
the relationship can be established from a 
single experimental determination which 
generally can be most easily executed in 
the simple tension test. 

In Fig 12, average significant stress- 
strain curves have been plotted for all 
the tests described previously. Curves 
obtained by Low and Prater? using 
standard size specimens are included. 
It can be seen that the agreement between 
the various curves is excellent and probably 
within experimental error. It can be con- 
cluded, therefore, that a single generalized 
stress-strain curve of the form ¢ = f(6) 
can be drawn which represents the stress- 
strain relationship for these materials 
under any state of stress. 


DvuctTILIty STUDIES 


Since it had been demonstrated for two 
materials typical of those under study, 
that the strain hardening characteristics 
under general states of stress could be 
adequately described by a single stress- 
strain curve determined in simple ten- 
sion, it seemed that at this stage of the 
investigation, attention could more profit- 
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STRESS-1000 PSI 


FIGS 10 AND 11—STRESS-STRAIN CURVE OBTAINED IN MICRO-TENSION TEST FOR 0.040-INCH ALCLAD 
24S-O AND 24S-T SHEET PARALLEL TO ROLLING DIRECTION. 
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ably be directed toward studies of the 
effects of combined stresses on ductility. 
The need for such information is especially 
apparent in forming operations, such as 
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specimen. The two bulge tests were 
developed as a part of this investigation 
and are described in detail in an earlier sec- 
tion while the tension tests were developed 
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STANDARD TENSION TEST- TRANS 
SIMPLE COMPRESSION TEST-LONG 
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BALANCED BIAXIAL TENSION TEST 
MICROTENSION TEST- LONG 
UNBALANCED BIAXIAL TENSION TEST 
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Fig 12—SIGNIFICANT STRESS-STRAIN CURVES FOR 0.040-INCH ALCLAD 24S-O AND 24S-T SHEET FOR 
SEVERAL METHODS OF LOADING. 


stretch forming and certain rubber pad 
operations, where the complex stress 
conditions encountered may be such as to 
adversely affect the ductility of the metal 
being formed. 

A series of four tests, each of which 
provides a different ratio of the principal 
strains, was selected, therefore, for a 
study of deformation limits of several of 
the important aluminum sheet metal 
alloys. The tests selected include the 
circular hydraulic bulge test (balanced 
biaxial tension), an elliptical bulge test 
(unbalanced biaxial tension), a direct 
tension test using wide specimens designed 
to prevent lateral contraction, and a direct 
tension test using specimens of such 
dimensions that lateral contraction is uni- 
form over a considerable length of the 


by Low and Prater.! Taking into account 
the possibility of two directions of test in 
the elliptical bulge test and the two tension 
tests, with respect to the direction of 
rolling, seven strain ratios are provided 
by this series of tests, ranging from simple 
tension in the rolling direction, through 
balanced biaxial tension, to simple tension 
in the cross rolling direction. Limiting 
deformations obtained under this variety 
of strain combinations should be useful 
in establishing forming limits in practical 
forming processes and of particular value 
in comparing the relative formabilities of 
different sheet metals. In addition, the data 
obtained should provide a basis for a 
more fundamental understanding of the 
factors influencing the ductility of sheet 
metals under combined stresses. 
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Hydraulic Bulge Tests 


Forming by oil pressure closely simulates 
rubber forming. Forming limits obtained 
in the hydraulic bulge test, therefore, 
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Fic 13—TYPES OF FRACTURES OBSERVED IN 
HYDRAULIC BULGE TESTS. 


should be applicable to rubber forming 
parts of similar dimensions to the hy- 
draulic bulges. However, in interpreting 
the results of hydraulic bulge tests, it 
must be remembered that the method of 
loading used to provide a certain strain 
ratio may have a strong influence on the 
limiting deformations obtained. That is 
to say, forming limits obtained in a 
hydraulic bulge test will not necessarily 
represent the ductility to be expected in 
any other forming operation where com- 
parable strain ratios are set up. This is a 
consequence of the role played by unstable 
plastic flow in establishing forming limits. 
If the critical conditions for the onset of 
unstable plastic flow are different in 
two tests, even though the ratio of the 
principal strains is the same, the limits of 
uniform extension will differ. If, however, 
materials are being considered in which 
instability does not occur in the hydraulic 
bulge test, the limiting deformations in 
the bulge test will correspond closely to the 
limiting deformations attainable in forming 
in some other method at the same ratio 
of principal strains provided that in- 
stability effects are also absent in this 
second method. Further consideration 
is given to the importance of unstable 
plastic flow in establishing forming limits in 
another paper presented in this symposium.® 


ALLOY SHEET UNDER COMBINED LOADS 


The most important information pro- 
vided by the bulge test is the uniform 
elongation at the crown of the bulge, 
since this quantity would correspond to 
the forming limit in a comparable prac- 
tical forming operation. Although the 
strains in a hydraulically formed bulge 
vary from zero at the clamped edge to a 
maximum at the pole, the variation in a 
considerable area near the pole is small, 
providing a rather large area of sub- 
stantially uniform elongation. 

The testing apparatus and test pro- 
cedures for the circular and _ elliptical 
hydraulic bulge tests have been described 
in detail in the first section. The testing 
assembly used in the tests to be described 
consists of two bulge testers, one of which 
is fitted with a circular opening of 12 in. 
diam, and the other with an elliptical 
opening of major and minor axes of 15 in. 
and to in. respectively. The sheet speci- 
mens, after photogrids have been applied, 
are clamped over either the circular or the 
elliptical opening and blown to fracture. 

‘After fracture, the dome of the bulge is 
removed for strain measurements. The 
uniform elongation is determined by 
measurements on the specimen of 14 in 
gauge lengths in the rolling and cross 
rolling directions, at points sufficiently 
removed from the fracture so as not to 
include any of the local strain associated 
with the fracture ‘itself. Measurements of 
reduction in thickness at fracture were 
also made in most cases. Thickness 
measurements were made at six different 
points on the fracture surface as near 
the pole of the bulge as permitted by the 
fracture path. The average of these 
measurements was then reported. All these 
measurements are made by means of a 
comparator microscope. 

In order to supplement the bulls 
testing equipment already described, use 
was made of a circular bulge tester at the 
Irvin Works of the Carnegie-Illinois Steel 
Corporation. This tester is designed for 
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rapid testing and has greatly increased 
the number of tests which could be per- 
formed in this investigation. The orifice 
of the has a 


Carnegie-Illinois tester 


TABLE 3—Average Results of Circular Bulge 


Tests 
Group 1-B 
d Percentage 
Uniform 
Dia- Elongation Pee 
phragm centage 
Material Diam- cee 
eter in Thi k 
Inches | Longi- | Trans- as 
tudinal] verse Dees 
- Alclad 24S-O 12 22.0 22.0 57 
~ Alclad 24S-O 9 23.5 22.0 57 
- Alclad 75S-O 12 26.5 26.0 59 
- Alclad 75S-O 9 26.5 26.0 
a R301-O 12 37.0 34.5 63 
R301-O 9 36.5 | 34-5 
ee eee ee 
Group 2-A 
oe ee SE EE 
Alclad 24S-T I2 15.5 I5.0 35 
_ Alclad 24S-T 9 16.0 15.5 34 
Alclad 24S-RT 12 I5.0 I4.0 35 
- Alclad 24S-RT 9 17.5 16.5 37 
R301-W 12 16.0 16.0 41 
R301-W 9 23.0 | 21.5 
Ue eS 
Group 2-B 
eh Eee 
Alclad 75S-T 2m 
Alclad 75S-T 22 
R301-T 33 
R301-T 
Alclad 24S-T81 
- Alclad 24S-T81r 30 
Alcad 24S-T86 
Alclad 24S-T86 34 


g-in. diam. A comparison of test results 
on the 9 in. and 12 in. openings reveals 
that for these two openings the results 
agree very closely in tests on aluminum 
sheet 0.040 in. thick. Results obtained on a 
6-in. diam bulge tester by Sachs, et al.* 
indicate that below a certain diameter 
opening a size effect may exist in the 
hydraulic bulge test. Limiting uniform 
elongations obtained by Sachs are con- 
sistently a few per cent higher than those 
obtained on the g in. and 12 in. openings. 
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Test Results 


The results obtained in this series. of 
hydraulic bulge tests are summarized 
in Tables 3 and 4. The data tabulated 


TABLE 4—Average Results of Elliptical 
Bulge Tests 


Group 1-B 
ie 
niform is 
Elongation ie 
: DirectionOt.||ausnun ae Re 
Material Greatest aA Ss 
Strain eee 


: tion of 
Longi-| Trans- Thick- 


tudinal] verse 
ness 


Alclad 24S-O Longitudinal] 16.0 8.0 
Alclad 24S-O Transverse Petey | eeisten3 63 
Alclad 75S-O Longitudinal] 22.5 | 10.5 62 
Alclad 75S-O Transverse 9.0 | 18.5 55 
R301-O Longitudinal] All specimens frac- 
tured at clamping 
edge 
R301-O Transverse |All specimens frac- 
tured at clamping 
edge 
eh ee eee 
Group 2-A 


—_— 


Alclad 24S-T 
Alclad 24S-T 


Alclad 24S-RT 
Alclad 24S-RT 


R301-W 
R301-W 


oe ee 


Group 2-B 


Longitudinal] 18. 
Transverse 


5 9.0 29 
-8 | 14.0 29 
5 
0) 


8 
"I 
Longitudinal} 14. 
Transverse 6. 
9 
9 


°° 


Longitudinal} 19. 
Transverse 


Longitudinal] 10.0 


Alclad 75S-T 
Transverse 4.0 


Alclad 75S-T 


R301-T 
R301-T 


Alclad 24S-T86 | Transverse 


Longitudinal] 11.0 
Transverse 5.0 


represent averages of several tests for 
each material.* Table 4 contains the 
uniform elongation and the reduction in 
thickness at fracture for the 9 in. and 


12 in. circular hydraulic bulge tests. 
Table 2 contains the results of elliptical 
bulge tests using a 15 in. by to in. opening 
which provides a ratio of the principal 
strains of approximately 0.50. In general 
the results for a given material were quite 


* The figures reported represent the averages 
of from three to ten tests. 
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uniform. 24S-RT exhibited the greatest 
scatter of all the materials tested, but 
this can be attributed to the manner in 
which this material is produced. 24S-RT 
is made by cold rolling solution heat 
treated 24S and subsequent natural aging. 
Considerable variation in properties may 
arise from small variations in cold reduc- 
tion, length of time between solution heat 
treatment and rolling, and time elapsed 
after rolling. 


Types of Fracture 


The appearances of the fractures in the 
hydraulic bulge tests are of considerable 
interest, particularly as an aid in inter- 
preting the test results. The fracture 
types fall roughly into two categories. 
The first of these is characteristic of the 
annealed alloys and is ductile in nature; 
the second, on the other hand, is char- 
acteristic of the harder tempers and is 
brittle in nature. Fig 13 shows a series of 
sketches of typical failures. The ductile 
failures, which are typical of annealed 
materials, are designated as O-type frac- 
tures, while those fractures occurring 
in the hard materials are designated as 
T-type fractures. In type O-1, a straight 
crack is formed with a pronounced necking 
down along the crack. All specimens of 
24S-O fractured in this manner and a few 
specimens of 75S-O. A fractured 24S-O 
bulge is shown in Fig 14. 

Type O-2 is characterized by a semi- 
circular fracture near the pole of the 
bulge where a flap is lifted. This type of 
fracture is generally exhibited by R3o01-O 
and 7558-0. 

The criterion for the onset of unstable 
plastic flow in the circular bulge test is 
the occurrence of a pressure maximum. 
Pressure-volume curves for the annealed 
materials are substantially flat at failure 
indicating that instability has occurred. 
In fracture type O-1, this unstable flow is 
localized, resulting in the formation of a 
neck, while in type O-2 unstable flow 


has apparently occurred over a rather 
large portion of the bulge leading to very 
high uniform elongations at the dome. In 
Fig 15 photographs of typical fracture 
cross sections are shown. That for 24S-O 
(type O-1) shows a pronounced neck 
with the fracture surface approximately 
normal to the plane of the sheet. In type 
O-2, although some local reduction has 
occurred, a sharp neck is not formed and 
the fracture surface is at approximately 
45° to the plane of the sheet. 

Fractures in the aged alloys are brittle 
in nature and generally result with almost 
explosive violence. Type T-1 is the least 
violent and results in a single straight 
crack which is quite jagged rather than 
comparatively smooth-edged as in type 
O-1. 24S-T usually fractures in this 
manner. 

In type T-2, a crack is formed at some 
distance from the pole of the bulge and is 
propagated circumferentially with such a 
high velocity that the entire dome of the 
bulge is blown off. This type of fracture 
was observed in a few of the 24S-T speci- 
mens and several 24S-RT specimens. 
A 24S-T bulge which fractured in this 
manner is illustrated in Fig 14. 

Type T-3 occurred in the hardest 
alloys, R301-T, 75S-T, 24S-RT, 24S-T81, 
24S-T86, and occasionally in 24S-T. 
Generally one primary crack is formed 
in the longitudinal direction with several 
secondary cracks branching from 


it. 


Occasionally a small rectangle on the 


bulge is completely circumvented by 
cracks and blown out of the specimen. 

As can be seen from Fig 15, very little 
reduction in thickness occurs at the 
point of fracture in the T-type fractures. 


Examination of pressure-volume diagrams © 


for these materials discloses that the 
slope at fracture has a high positive value 
indicating that instability has not oc- 
curred. It appears, therefore, that the 
local reduction in thickness must. be 
attributed to other causes than necking 
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Fics I4 AND 15—PHOTOGRAPHS OF FRACTURED BULGES AND FRACTURE CROS 
CIRCULAR BULGE TESTS. 
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down as a result of unstable flow. Two 
possible explanations may be suggested. 
The first possibility is that the reduction 
occurs after the fracture has actually 
begun, i.e. it is a result of distortion during 
the act of fracture. The other possibility 
is suggested by the frequent observation 
of strain markings on fractured bulges 
similar to ““Luder’s”’ lines. These markings 
appear on the specimen surface as shallow 
depressions about 2 or 3 mm wide. It 
seems likely that the sudden occurrence 
of these markings at high loads could 
initiate fracture, since on some of the 
fractured specimens the path of the 
fracture can actually be observed to 
follow these markings. Measurements of 
their depth by means of pointed microm- 
eters indicate that they are sufficiently 
deep to account for most, if not all, of the 
local reduction in thickness. 

Fractures in the elliptical bulges are 
essentially the same as those observed 
in the circular bulges, although a few 
exceptions are noted. In type O-4, ob- 
served only in a few tests on 24S-O, 
fracture occurs about 114 in. from the 
clamped edge where a flap 4 or 5 in. long 
and about 34 in. wide is lifted. The uni- 
form elongation at the dome in instances 
where this type of failure resulted are 
3 to 4 pct lower than in those cases where 
type O-3 occurred. 

Another peculiar observation was made 
in the case of R301-O where all attempts 
to blow an elliptical bulge failed. Frac- 
tures occurred at the clamping edge in 
all of the specimens tested, even though 
R301-O is the softest material tested 
and all other materials could be bulged 
satisfactorily. No explanation for this 
phenomenon can be advanced at this time. 

Several pin-hole fractures were ob- 
served in elliptical and circular hydraulic 
bulge tests on 75S-O. The actual fracture 
in such cases is about 1¢ in. long and a 
necked region about 1 in. long in the 
direction of the failure is generally ob- 
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served. Pin-hole fractures are believed to ) 
be associated with metallurgical defects ; 
which lead to premature failure. The : 
locations of these fractures were quite : 
random, and frequently were considerably ° 
removed from the pole of the bulge. 


Direct Tension Tests 


In addition to the hydraulic bulge tests, 
two direct tension tests have been em- - 
ployed in this study of forming limits. 
The properties obtainable in a tension test 
which are ordinarily regarded as being in- 
dicative of a metal’s formability are the 
uniform elongation, the reduction of area at 
fracture, and the distribution of deforma- 
tion over various initial gauge lengths. 
To obtain an accurate estimate of the 
uniform elongation in a fractured tensile 
specimen it is necessary to use a specimen 
of such dimensions that a considerable 
portion of the specimen actually undergoes 
a uniform elongation. Studies of the strain 
distribution after fracture in standard 
sheet tensile specimens revealed that 
this type of specimen did not permit a 
separation of the uniform and_ local 
elongation. The region of the specimen 
affected by necking extends over such a 
large portion of the specimen length that 
lateral restraints from the grips become 
effective before the elongation has settled 
to a uniform value. This observation led 
to a study of the effects of specimen 
dimensions! in which it was found that 
in order for an appreciable portion of the 
specimen to exhibit a uniform lateral 
contraction at fracture, it was necessary 
that the specimen dimensions be such 
that a certain critical length to width 
ratio be exceeded. On the basis of this 
study it was decided to standardize on 
two tension specimens: one, 2 in. wide 
by 12 in. long, the other 12 in. wide by 
1 in. long. The first, it is believed, yields 
data representative of the values to be 
expected in stretching sheets over very 
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long gauge lengths; the second, data 
representative of the values to be expected 
in stretching sheets under conditions of 
severe lateral restraint and short gauge 
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are made by means of a comparator 
microscope. In the 12-in. long by 2-in. 
wide specimen, the uniform elongation is 


determined by measuring tI-in. gauge 


TABLE 5—Elongation Values for Various Initial Gauge Lengths 


Average Lateral 
Contraction 
Percentage 


Average Elongation 
Initial Gauge Length 
in/in 


7OT)|)O. 0s | ot Onle2 0 « | Uniform] Fracture 


Specimen 
Direc- Number 
Material ion i i 
steriel Hone) widen | Length | S22 
in in 
Inches | Inches 

Alclad 248-O ReaD: 2 12 5 
Alclad 24S-O 8 2 12 5 
Alclad 245-O R.D. 12 I 4 
Alclad 24S-O Ts I2 I 5 
Alclad 75S-O Rep: 2 12 4 
Alclad 75S-O Ky 2 I2 6 
Alclad 75S-O igi). 12 I 3 I 
Alclad 75S-O fk I2 I 2 
R3o01-O RD: 2 12 3 
R3o01-O ty 2 I2 6 I 
R301-O R.D. 12 I 2 
R301-O 4b) 12 I 
Alclad 24S-T R.D: 2 12 G 
Alclad 24S-T Te 2 12 5 
Alclad 24S-T R.D. 12 I = 
Alclad 24S-T 4u 12 I 3 
R301-W ile @ 12 3 
Alclad 75S-T Ree 2 ies 3 
Alclad 75S-T aw 2 12 3 
Alclad 75S-T R.D. 12 I 3 
Alclad 75S-T 48 I2 I 3 
R301-T R.D. 2 12 3 

15 iz 12 3 

R.D. 12 I 2 

Ab 12 I 4 
Alclad 24S-T81} R.D. 2 12 3 
Alclad 24S-T81| T 2 12 3 
Alclad 24S-T81| R.D. 12 I 
Alclad 24S-T81| T 12 I 
Alclad 24S-T86| R.D. 2 12 3 Co) 
Alclad 24S-T86| T 2 2 3 
Alclad 24S-T86} R.D. I2 I 
Alclad 24S-T86| T 


length. This second type of test also 
approaches the conditions encountered in 
bending very wide sheets. 


Test Procedure 


Photogrids, 100 line to 1 in., are applied 
to the specimens for both tests, after 
which the specimens are pulled to frac- 
ture. Measurements of reduction of area, 
and elongations over several gauge lengths 


ooo°o 


22 11.20 |0.477|0.217|/0.195|0.158] 5.66 6.72 
Ig |£.2I |0.451]0.202/0.175]0.138] 4.66 Ontos: 
25 |0.899|0.322|0.141 0.29 0.20 
23 |0.973/0.344]0.137 0.27 0.27 
55 |1.53 |0.484]0.221/0.188]/0.105| 4.2 Tier 
36 |1.36 |0.485]0.206/0.167}0.106| 3.7 6.2 
48 |1.05 |0.351|0.123 
0.905/0.329|0.117 0.16 
45 |I.50 |0.544]0.265]0.239|0.189] 5.7 .5 
42 |1.49 |0.519|0.263]0.227|/0.161| 4.7 6.4 
63 |1.11 |0.412|0.181 0.30 
All specimens broke in grips 
644]0.722/0. 380]0.233|0.215]0.154| 5.66 8.10 
597|0.686]0.336|0.219|0.199|/0.151] 5-41 7.306 
566]0.542/0.271]0.152 0.75 0.75 
529|0. 486|0. 249|0.146 0.83 0.83 
0.695/0.392/0.271|0.233}0.170| 5-9 
44 |0.578|0.266]0.177/0.153|/0.087| 3.3 6.9 
38 |0.518|0.243]0.152/0.135]0.099| 3-4 58 
35 |0.511j/0. 180]0.085 0.59 
34 |0.461/0.170/0.087 0.59 
42 |0.651|0. 293|0.157|0.129|0.073] 2.6 BL 
36 Jo.505|0.241/0.152]0.129/0.080| 2.9 52k 
36 lo.520l/0. 90/0. 081 : : 0.40 
All specimens broke in grips 
58 |0.829]0.260]/0.099|0.083}0.051; 2.3 | 3.6 
53 |0.841|0.242|0.092|0.077/0.041 1.6 a7 
ll specimens broke in grips 
All specimens broke in grips 
56 |0.937 o.275]0.097 0. o730.048 2.0 3.0 
58 lo.825|0.277|0.089|0.072/0.038] 1.4 Pay 


All specimens broke in grips 
All specimens broke in grips 


lengths at several points outside the 
necked region and averaging the results 
thus obtained. Actually, the elongation 
over short gauge lengths may show con- 
siderable fluctuation along the specimen 


length, but the shortened procedure 
of measuring 1-in. gauge length elonga- 
tions was found to yield results agreeing 
closely with the mean of the values 
observed by measurements over short 
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gauge lengths on the portion of the speci- 
men outside the necked region. 

The elongation at the point of fracture, 
calculated from the reduction of area and 


THE PLASTIC FLOW OF ALUMINUM ALLOY SHEET UNDER COMBINED LOADS 


deformation as a function of initial gauge 
length for 24S-O and 24S-T. For 248-O, 
these curves are drawn to “zero” gauge 
length, while for 24S-T, they are drawn 


ELONGATION (IN./ IN) 


INITIAL GAGE LENGTH (INCHES) 


Fic 16. 


INITIAL GAGE LENGTH (INCHES) 


Fic 17. 


Fics 16 AND 17—ELONGATION AT FRACTURE VERSUS INITIAL GAUGE LENGTH FOR 0.040-INCH 
ALCLAD 24S-O AND 24S-T SHEET PARALLEL TO ROLLING DIRECTION. TWO INCH WIDE BY TWELVE 


INCH LONG SPECIMEN. (FIVE TESTS) 


application of the law of constancy of 
volume, will be referred to as “‘zero”’ 
gauge length elongation. Actually, the 
value thus obtained represents the elonga- 
tion over an infinitesimal gauge length. 
In the air-craft industry it is rapidly 
becoming customary, however, to speak 
of ‘‘zero”’ gauge length. 


Test Results 


It is necessary in any discussion of 
limiting deformations to distinguish be- 
tween uniform extension (extension up 
to the time necking down begins) and 
local extension (extension at the point of 
fracture, determined by measuring the 
contractions at the point of fracture and 
application of the law of constancy of 
volume). The uniform extension will be 
the limiting factor in those forming 
operations involving stretching over long 
gauge lengths, while in those operations 
involving elongations over very short 
gauge lengths, the local deformations will 
be decisive. 

The results of the direct tension tests 
on several aluminum alloys are sum- 
marized in Table 5. In Figs 16 to 19 
typical curves show the distribution of 


to o.o1-in. gauge length. In the aged 
materials the fracture generally results 
at an angle to the plane of the sheet, and 
the projected fracture area is somewhat 


greater than the actual minimum area — 


of the specimen at the instant of fracture. 
This can be clearly seen in Fig 20. Because 
of this circumstance, the o.o1-in. gauge 
length elongation is generally considerably 
greater than the zero gauge length elonga- 
tion calculated from reduction of area. 
Although the o.o1-in. gauge length is 
difficult to measure because of shearing 


j 
“a 


of the specimen with respect to its longi- — 


tudinal axis, the curves of elongation 


versus gauge length for longer gauge 
lengths in the heat treated materials seem 
to extrapolate much more closely to the 
o.0I-in. gauge length elongation than to 
that for zero gauge length. Considerable 
scatter is observed in o.o1-in. gauge length 
elongation and it is believed that the least 


gauge length in which the elongation can . 


be estimated with a fair degree of accuracy 
from grid measurements is 0.03 in. to 
0.05 in. 


A comparison of the results in Table 5 — 


for the two types of specimens indicates 
that for the annealed materials, the zero 
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gauge length elongation is unaffected by 
the lateral restraints imposed by the wide 
specimen. For gauge lengths greater than 
zero, however, the curves for the wide 
a z 
> 
Zu 
3 
a. 
z 
3 
ee INITIAL GAGE LENGTH (INCHES) 
: Fic 18. 
= Fics 


specimens lie considerably below those 
for the 2-in. wide by 12 in. long specimens. 
In other words, although the reduction of 
area is about the same for both tests, a 
smaller portion of the wide specimen is 
- affected by necking down, thus depressing 
r the elongations over gauge lengths greater 
~ than zero to lower values. 

a In the heat treated materials, on the 
other hand, the zero gauge length elonga- 
tion in the wide tensile specimens is 
generally somewhat below that for the 
2 in. by 12 in. specimens indicating that 
the transverse tensile stress imposed by 
the wide specimen is more effective in 
reducing the ductility in the hard materials 
than in the annealed ones. For gauge 
lengths greater than zero, the same rela- 
-tionships hold between the results on the 
two types of specimens as were observed 
in the annealed alloys. | 


General Discussion of Results from All Tests 


In order that the results from all four 
tests used in this study of forming limits 
may be represented in a single plot, a 
diagram in which elongation in the cross- 
rolling direction is plotted against elonga- 
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tion in the rolling direction has been used. 
Logarithmic strains are used as coordinates 
so that any particular state of stress can 
be represented by a straight line from the 
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Fic 19. 


18 AND I9—ELONGATION AT FRACTURE VERSUS INITIAL GAUGE LENGTH FOR 0.040-INCH 
ALCLAD 24S-O AND 24S-T SHEET. TWELVE INCH WIDE BY ONE INCH LONG SPECIMEN, 


origin. Since simple tension results in a 
lateral contraction equal to one-half the 
extension along the tension axis, the lines 
representing simple tension lie in the 
upper left and lower right quadrants and 
make angles of arc tan 14 to the positive 
coordinate axes. Similarly, since balanced 
biaxial tension results in equal strains 
in both directions, it will be represented 
by a line equally inclined to both axes. 
Since the wide tensile specimens reduce 
lateral contraction practically to zero, 
points for this test will lie along the 
positive 6, and 6r axes depending on the 
directicn of the test. 

Figs 21 to 28 have been plotted in this 
manner for several alloys. Only the uniform 
elongation has been plotted for the hy- 
draulic bulge tests, since it is the result of 
major importance in these tests. For the 
2-in. by 12-in. tension specimens, elonga- 
tions over initial gauge lengths of zero 
(0.01 in. for aged materials), 0.10 in., 
r.o in., 2.0 in., and infinity* have been 
plotted; for the 12 in. wide by 1 in. long 
tension specimens, the zero (0.01 in. for 


*The uniform elongation is regarded as 
elongation over an infinite gauge length. 
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aged materials) and o.ro-in. gauge length 
elongations are shown. 

It will be noted that neither the strains 
at the limit of uniform extension nor the 


MEASURED THICKNESS. 


Fic 20—SKETCH OF FRACTURE OF AGED 
MATERIAL SHOWING THAT PROJECTED FRACTURE 
AREA DOES NOT REPRESENT MINIMUM AREA. 


strains at the point of fracture for the 
2-in. by 12-in. tension tests lie along 
the theoretical line representing simple ten- 
sion. This effect is more pronounced after 
necking has begun, since lateral restraints 
in the width direction strongly hinder 
necking in that direction. A much greater 
reduction in thickness is observed, there- 
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that sheet specimens of magnesium tend 
to contract more in the width direction 
than in the thickness direction, because of 
strong preferred orientations. It appears 
that this factor is worthy of further 
investigation. 

Several general conclusions can be 
drawn from Figs 21 to 28. As has already 
been pointed out, the zero gauge length 
elongation obtained in the two types of 
tension tests agree quite. closely in the 
annealed. materials, ie. 24S-O, 75S-O, 
and Rzor-O. At greater gauge lengths 
the elongations observed in the wide 
specimens are lower. These results may 
be seen by inspection of Figs 21, 22, and 23. 
The points for zero gauge length agree 
closely, while the o.1-in. gauge length 
values lie considerably lower for the 
wide tests (represented by points along 
the coordinate axes) than for the 2 in. 
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FIGS 21 AND 22—SUMMARY OF LIMITING DEFORMATION DATA FOR 0.040-INCH ALCLAD 24S-O AND 
24S-T SHEET, 


fore, than in width. The discrepancy in 
width and thickness direction strains at 
the limit of uniform elongation is not’ so 
readily explainable. It is possibly the 
result of a shape effect introduced by the 
high width to thickness ratio, but might 
also be attributed to preferred orientations 
which would lead to a greater rate of 
flow in the thickness direction than in the 
width direction. It is known, for example, 


wide by 12 in. long tests. In the aged 
materials, Figs 24 to 28, it is observed 
that the zero gauge length elongations for 
the wide specimens are considerably 
less than those for the 2 in. by 12 in. 
specimens. 

A comparison of uniform elongation - 
values obtained in the 2 in. by 12 in. 
tension test, in the elliptical bulge test 
in the direction of the greatest strain, 
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and in the circular bulge test reveals 


that for the annealed materials the greatest . 


uniform elongation is always obtained 
in the circular bulge test. For 75S-O the 


INITIAL GAGE LENGTH 
O INRNITE 
® 20° 
© Lo 
© O10" 
© WWrinresias 


as TEXSION L-DIRECTION 
B-2° x 12" TENSION TEST © © 
Cmte* XI" TENS! o. 


595 


where unstable plastic flow occurs in all 
of the tests used in this investigation, 
the aged materials appear to fracture in 
the bulge tests before instability has set 
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Fics 23 AND 24—SUMMARY OF LIMITING DEFORMATION DATA FOR 0.040-INCH R301-O AND ALCLAD 
75S-O SHEET. 


uniform elongation values in the elliptical 
bulge test are intermediate to those in the 
2 in. wide by 12 in. long tension test and 
the circular bulge. For 24S-O, the uniform 
elongation in the elliptical bulges and the 
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FIG 25. 
Fics 25 AND 26—SUMMARY OF LIMITING 


2 in. by 12 in. tension tests are almost 
identical. Abnormal fractures in the 
elliptical bulge tests on these two mate- 
rials, however, occasionally lead to very 
low uniform elongation values. No elliptical 
bulge tests could be made on R3o01-O 
because of the strong tendency for frac- 
tures at the radius of the hold-down ring. 

In contrast to the annealed materials 


in. The limit of uniform elongation observed 
in these cases is thus established by frac- 
ture rather than by necking down. A 
discussion of the factors influencing the 
deformation limits in these materials 
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DEFORMATION DATA FOR 0.040-INCH ALCLAD 75S-T AND 
R301-T SHEET. 


follows later in the paper. The observed 
results will be described briefly here, 
however. 

The relative values of the ductility 
observed in the various tests depend 
rather strongly on the material under 
consideration. In 24S-T the uniform elonga- 
tions in the circular bulge test and the 
g-in. by 12-in. tension tests are almost 
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equal and amount to about 15 pct. The 
uniform elongation in the elliptical bulge 
test is 13 pct when the specimen is oriented 
so that the direction of the greatest strain 
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FIG 27. 


is in the transverse direction and 17 pct 
when the greatest strain occurs in the 
rolling direction. 

This result indicates a higher rupture 
strength in the rolling direction than in 
the cross rolling direction, thus permitting 
a greater extension before fracture when 
the direction of greatest strain coincides 
with the rolling direction. The uniform 
strain in the circular bulge test on these 
materials which do not neck down will 
be limited by the cross-rolling direction 
rupture strength, since fracture always 
occurs in that direction. In 75S-T a 
similar relationship is observed between 
the results in the circular and elliptical 
bulge tests. The uniform elongation in 
the 2-in. by 12-in. tension test in the 
transverse direction, however, is slightly 
higher than the values observed in the 
bulge tests. It may be concluded that in 
forming parts analogous to elliptical 
bulges, the blank should be so oriented 
that the greatest tensile strain occurs in 
the rolling direction. 

The remaining materials differ from 
those already discussed in that they exhibit 
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much higher yield strength-tensile strength 


ratios. For example, 24S-T86, has a 


yield-tensile ratio of almost 0.95. This — 


circumstance leads to necking in the 
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Fic 28. 
Fics 27 AND 28—SUMMARY OF LIMITING DEFORMATION DATA FOR 0.040-INCH ALCLAD 24S-T81 AND 
24S-T86 SHEET. 


simple tension test at very low elongation © 
values. For such high yield-tensile ratios, _ 


however, the instability conditions are not 


met in the circular bulge test until much — 


larger strains. Although the uniform 


elongation in the bulge test is eventually — 


limited by rupture, the relatively high 
rupture strength for these materials per- 
mits considerable strain above the point 
where necking occurs in the simple tension 
test. For example, the uniform elongation 


in simple tension for 24S-T86 is about 


5 pct, while in the circular bulge test, 
values of 12 to 15 pct are attained. Similar 


relationships are observed in 24S-T8r and — 


Rz3o1-T. 

This observation has the practical im- 
portance that in forming parts from these 
materials it would be advantageous, 
wherever possible, to rubber form. Forming 


limits which would be obtained in this — 
method would be much greater than 
those attainable in stretching over a 
contoured punch where the ductility — 
would correspond more closely to the 


uniform elongation in simple tension, 
which has been shown to be quite limited: 


/ 
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THEORETICAL CONSIDERATION OF LIMITING 
STRAINS AT FRACTURE 


Useful plastic action in a sheet metal 
forming operation can, in general, be 
terminated either by rupture or by the 
localization of deformation caused by the 
occurrence of unstable plastic flow. An 
analysis of forming limits for a given 
material, therefore, can be arrived at only 
through a complete consideration of the 
interdependence of the stress-strain curve, 
critical rupture conditions, and the in- 
stability conditions for each forming 
method considered. The conditions leading 
to unstable plastic flow in several methods 
of loading have been discussed in another 
paper presented during this symposium.® 
It is proposed to consider here some of the 
effects of combined stresses on the maxi- 
mum normal stress-maximum normal strain 
curve, and how under certain assumed. 
criteria for fracture these effects might 
be used to predict strains at fracture. 

First of all, it should be emphasized 
that the analysis to be presented is ap- 
plicable only to those cases in which the 
state of stress is known throughout plastic 
straining up to the point of fracture. , In 
general, if unstable plastic flow precedes 
fracture, the state of stress will change 
because of the localization of deformation, 
and furthermore, will change in some 
manner which in general is not predictable. 
The problems considered here will be 
confined, therefore, to those in which rup- 
ture precedes the occurrence of instability. 

In order to proceed with analyses of 
strains at rupture, it is necessary that the 
critical conditions leading to rupture be 
known. Recent activities in this field 
have indicated that fracture criteria are 
not well understood. It has been believed 
by some, however, that a critical normal 
stress or a Critical shear-stress law might 
be operative. Since in the field of biaxial 
tensile stresses, which is the region of 
major interest in sheet metal forming, 
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these two criteria are equivalent, a critical 
normal stress law will be assumed, i.e. it 
will be assumed that fracture will occur 
when the greatest principal stress becomes 
equal to some critical value. 

It was demonstrated in an earlier section 
that 24S-O and 24S-T obey a generalized 
stress-strain relationship. In other words, 
the stress-strain relationship in the plastic 
range can be represented by a single 
curve which was shown to be equivalent 
to the true stress-strain in simple tension. 
For most metals, the true stress-strain 
curve can be expressed analytically, at 
least up to the maximum load, by the 
following relationship: 


o = kon. 


Low and Prater! found the true stress- 
strain curves of 24S-O and 24S-T to 
conform quite closely to this relationship 
and report the following values of k and 
for these materials: 


24S-O: k = 56,000; m = 0.21 
24S-T: k = 100,000; m = 0.16 


Since it has been shown that the true 

stress-strain curve in simple tension actually 

represents the significant stress-strain curve, 

it follows that the significant stress-strain 

curve can also be expressed in the form: 
a = kb. 

In order to calculate the limiting strains 
at rupture it is necessary to impose the 
critical rupture condition on the flow curve. 
Since the rupture criterion to be used is 
stated in terms of a critical normal stress, 
it is most convenient to derive the maxi- 
mum normal stress-maximum normal strain 
curves as a function of state of stress and 
determine the strains at which the critical 
fracture stress is reached. This can be 
done if the relationships between the 
relative magnitudes of the principal stresses 
and the corresponding principal strains is 
known. 
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For isotropic polycrystalline metals, 
this relationship is given approximately 
by the following cyclic equations:®.® 


i= G {os —F(r+e,)} 
b= p {or 7 sto} [3] 
63 = 5 {os = ~(o1 +o)} 


These equations contain the constancy of 
volume condition and express the fact 
that the ratio of any two principal shear 
stresses is equivalent to the ratio of the 
corresponding principal shear strains. By 


use of these relationships the variation of 


the greatest principal strain at fracture 
with state of stress can be derived, (See 
Appendix A) and is as follows: 


= 


({)# oui (8 + 6 — a8 —a—B +1) 
(1-¢-£) t4 


where 


Similarly, it is shown in Appendix A 
that the o, — 6; curve for a given state of 
stress is given by 


Co; = kb," 
2” 
i=n 
(ial B4> oR = of Psis)7 a (2 ~~ B)= 
[5] 
It follows from Eq 5 that the a; — 6, 
curve for any state of stress can be ob- 


tained simply by multiplying the ordinates 
of the simple tension curve by the factor 


f= 


Qn” 


(02+ 8? —o8 —B+1) 3 (2 —a—f)» .[6] 


For positive values of a and 6 this factor 
is greater than one and the o; — 6; curve 


ore ae 
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is elevated. For a=8 (balanced 
triaxial tension), f becomes infinite and 
flow cannot occur. Values of f for several 
states of stress have been calculated using 
an value of 0.25 and are tabulated in 
Table 6. It is interesting to note how 
much more effective triaxial stresses are 
in raising the o; — 6: curve than are 
biaxial stresses. The greatest factor for 
biaxial stresses is 1.218 at a@ = c.77. 
This factor is exceeded by that for a = 
B= 0.2. 

For sheet metal forming operations, 
biaxial tensile stresses are of primary 
interest. For 8 = o Eq 5 reduces to 


=I 


7 Na 


C1. — fo ne 
(a®#—a+1) 2 (2—a) 


[7] 


The lowest ductility (assuming the critical 
normal stress law for rupture) will occur 
when the factor multiplying (26:") is a 
maximum. The stress ratio for which the 
maximum occurs depends on the value 
of the strain hardening exponent. For n 
values greater than 0.333, the factor is 
greatest for a = 1; for m values less than 
0.333, the highest curve will occur at a 
value of a less than one. (See Appendix B) 
In Figs 29 and 30 derived o; — 6; curves 
have been plotted for 24S-T and 75S-T 
which have » values of 0.16 and 0.10 
respectively. The highest flow curve in 
biaxial tension for 24S-T occurs ata = 0.60 
and for 75S-T at a = 0.56. A few triaxial 
tension curves have been included in 
Fig 29 to illustrate how much more effec- 
tive triaxial tension is than biaxial tension 
in raising the 0; — 6; curve. 
Eq 7 can be rearranged as follows: 

2 + 1 L=f 
= Gate at ae (o-9 
[8] 
By substituting the critical value of o; 
required for fracture and making use of 
Eq 3, the variation of 6; and 62 with a 
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can be calculated. This has been done for 
24S-T, 75S-T, and Rgo1-T sheet and the 
results have been plotted in Figs 31, 32, 
and 33, using the method employed to 
summarize the test results previously, 
in which strain in the longitudinal direction 
is plotted against strain in the transverse 
direction. 

For 24S-T, the variation of limiting 
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5, = 
Gy) eet a8) 
[9] 


The locus of limiting deformations accord- 
ing to this criterion for different values of 
‘a is plotted in Fig 31. 

Figs 31, 32, and 33 are based on the 


TABLE 6—Factors by Which 0, — 5; Curve for Simple Tension Is Raised by Triaxial Tensile 
Stresses 


B = 3/01 


a = 62/01 


0.1 1.049 | I.1II 

0.2 I.096 | 1.172 | 1.250 

0.3 1.238 (0-0-2207 |. 327 || 5. 
0.4 EeI72 1 L.278. | 2.39%) £- 
0.5 £1197 |) £-38O)) E2455.) I 
0.6 Io2i2 |r 341. || P- 4960) | L. 
0.7 Gober Jeo) | West se Ho Cll fs vege tJ Pe 
0.77 E.2tS. 1.351 | Lo52t°|| EB 
0.9 I.203 | ©.338 | 1.508 | tf. 
1.0 I.189 | 1.321 | 1.486 | I. 


strains according to a fracture criterion 
proposed by Bridgman’ has also been 
plotted. Bridgman found that, for a series 
of several steels tested under combined 
tension and external pressure, rupture 
occurred when the mean tension reached a 
critical value, i.e. when 


oi to2+¢3 
33 


=C. 


For biaxial tension, this criterion predicts 
that rupture will occur when the sum of 
1 and a2 reaches a critical value, i.e. when 


C1 +02 = GE 


’ This criterion can be rewritten: 


G 
Ox = 
cr I+a 


which can then be substituted in Eq 8 for 
1, leading to 


observed in the circular 


rupture stress 
hydraulic bulge test for each of the three 
materials for which calculations have 
been made. Therefore, the predicted 
limiting strains for the circular bulge 
test necessarily agree with the experi- 
mental values which have been plotted in 
the above figures. The limiting strains 
for the elliptical bulge test, which is 
the only other test performed in which 
failure occurred with no necking down, 
are also plotted and provide the only 
test of the predictions. Fair agreement is 
shown between experimental values and 
those predicted by the maximum normal 
stress law, indicating that the maximum 
normal stress law for rupture may be 
operative. Further experiments with bulges 
of varying ellipticity would be necessary 
to confirm this hypothesis. It is to be 
noted that the predictions of the Bridgman 
criterion deviate widely from the experi- 
mental observations. 

Deviations from the theoretical limiting 
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strains as predicted in Figs 31, 32, and 33 
may arise from at least two sources: 
(x) inadequacy of Eqs 3 to express the 
relationship between stress and strain 
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ment by the observations reported earlier 
in this paper of unequal strain rates in the 
width and thickness directions in simple 
tension tests of these materials. 


pl 
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FIG 29—0;-6, CURVES DERIVED FROM SIGNIFICANT STRESS-STRAIN CURVE FOR ALCLAD 24S-T SHEET. — 


ratios in the plastic range because of 
material anisotropy, and (2) actual de- 
partures from the critical normal stress 
law for failure. The ratio of principal 
stresses in the elliptical bulge calculated 
from membrane theory is about 0.7, 
while the corresponding ratio calculated 
from the observed strain ratios and Eqs 3 
is 0.8, indicating that either the stress 
calculation or the predictions of Eqs 3 
are inaccurate. The stress calculations 
have been checked rather carefully so 
that it seems likely that the discrepancy 
in the stress ratios can be attributed to 
anisotropy. Weight is lent to this argu- 


This analysis has been presented pri- — 
marily for the purpose of illustrating a 
possible method of approaching the prob- — 
lem of calculating strains at fracture 
under known and uniform stress conditions. 
Although a maximum normal stress law 
was used here, the same procedure could 
be applied for any fracture criterion - 
expressible in terms of the macroscopic 
stresses and strains. The method probably 
has serious limitations in its application 
to sheet materials because of the anisotropy 
likely to be encountered. It is to be strongly 
emphasized that the plasticity laws used 
in the analysis are applicable only to 
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_ isotropic materials. It is believed, however, 


that they provide a useful basis on which 
to consider the plastic behavior of any 
material, since it is always convenient to 
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SUMMARY AND CONCLUSIONS 


1. Several tests have been developed 
which permit the study of the plastic 
flow and rupture of sheet metals under a 
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discuss real behaviors in terms of de- 
partures from ideal behaviors. 
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wide variety of combinations of the 
principal stresses. 

2. Stress-strain curves have been deter- 
mined for the aluminum sheet metals 
24S-O and 24S-T up to large plastic 
strains under the following methods of 
loading: circular hydraulic bulge test 
(balanced biaxial tension), elliptical hy- 
draulic bulge test (unbalanced biaxial 
tension, o»/o &.7), simple compression, 
and simple tension using both micro- 
specimens and standard size specimens. 

3. It has been concluded from the 
results of the stress-strain studies that 
24S-O and 24S-T conform approximately 
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to an invariant stress-strain relationship 
in the plastic range. This relationship 


has been referred to as the “significant” 
stress-strain relationship and is given by 


o = f(5) 
where ¢ = {7l@: — 02)? + (02 — 93)? 
+ @s —o,)\}" 
and 3 = {2 (68+ 5: + 6) )™ 
3 J 


7h Alte was found that 0.040 in. by 
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approximately one-half the axial stress in 
magnitude. 

6. In considering the results of the 
ductility studies, several general con- 
clusions can be drawn. (a) In the annealed 
materials the greatest uniform elongation 
occurred in the circular hydraulic bulge 
test. (b) In the aged materials, the uniform 
elongation in the circular bulge test 
was limited by rupture, but in general 
was about equal to the uniform elongation 
in simple tension. The major exception 
to this observation was the behavior of 
24S-T81 24S-T86, which because 
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FIGS 31 AND 32—THEORETICAL VARIATION OF PRINCIPAL STRAINS AT FRACTURE WITH RATIO OF 
PRINCIPAL STRESSES FOR 24S-T AND 75S-T SHEET SUBJECTED TO BIAXIAL TENSILE STRESSES, 


0.040 in. specimens of 24S-O and 24S-T 
could be tested in simple tension and 
simple compression with no detectable 
size effect in the plastic flow characteristics, 

5. The effects of combined stresses on 
the ductility of the alloys 24S, 75S, and 
Rzor in several conditions of heat treat- 
ment have been studied. In addition to 
the circular and elliptical bulge tests, two 
direct tension tests were used in this study. 
In the first of these a long, narrow speci- 
men is used in which a uniform simple 
tensile stress is produced, while in the 
second, a short, wide specimen is used 
which is designed so that lateral contraction 
of the specimen is almost entirely pre- 
vented. The severe lateral restraint set up 
in the latter type of specimen results 
in a transverse tensile stress which is 


of their very high yield strength-tensile 
strength ratios exhibit considerably greater 
uniform elongation in the circular bulge . 
test than in simple tension. (c) It was 
found that the local elongation or reduction 
of area in the annealed materials was 
unaffected by the transverse stress in the 
wide tensile specimen. The aged materials, 
on the other hand, suffered a considerable 
loss of ductility in this test. 

7. Calculations of the effect of combined 
stresses on the maximum normal stress- _ 
maximum normal strain curves during 
the plastic flow of an isotropic material 
are presented. It is shown clearly that 
triaxial tensile stresses, even of a low 
degree of triaxiality, produce a much 
more pronounced elevation of the o, — 61 
curve than do biaxial tensile stresses. 


8. Using the calculated effects of com- 
bined stresses on the a, — 6; curve and 
assuming a critical normal stress or critical 
shear stress law for rupture, the effects 
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of biaxial tensile stresses on the ductility 
of 24S-T, 75S-T, and R3o01-T have been 
calculated. The predictions agree approxi- 
mately with experiment, indicating that 
- the method may have some merit in 
predicting deformation limits. 

g. Some evidence of anisotropy was 
observed in the materials studied. The 
rates of contraction in the width and 
thickness directions in the simple tension 
test were found to be unequal. Further- 
more, the strain ratio observed in the 
elliptical bulge test differs from that 
predicted from plasticity theory. These 
behaviors are undoubtedly a reflection 
of anisotropy, and indicate that the 
applicability of the usual plasticity laws 
may be limited. As demonstrated in this 
investigation, however, these laws provide 
a very useful basis for considering the 
behavior of real materials, and in many 
problems may permit predictions of real 
practical value. 
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APPENDIX A 


Consider Equations 3: 


6, = 5 {o1 SiGe} 
sm Glo Fortonj 
63 = 5 {os a “ 1 +o} 


D is sometimes referred to as the 
“modulus of plasticity’’® and is given by 
the slope of a line from any point on the 
significant stress-strain curve to the origin, 
and thus can be considered as a function 
either of stress or of strain. D, then, by 
definition is given by: 


S 
ll 


[ro] 


Qi] oor oll O1 


and | 


SIH 


It is convenient to express 1/D as a 
function of ¢ only, which can be done by 
use of the power function expression for 
the significant stress-significant strain 
relationship: 


& = kor. 


5 F, Kérber and A. Eichinger, op. cit. 
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Pee kee 
It is then found that 5 = Gy ei" [rx] 
If we denote o2/a1 as a, and o3/0; as B, Eq 11 can be rewritten 
: I I-n a 
he (j)"% " (2 + B? —aB —a—B+1) ” since [12] 


a) 
a = {2 [01 — 42)" + (62 — 03)? + (os — on)'Ih 
Similarly the first of Eqs 3 can be rewritten 


a +8 ;. 
i= 9 eet ae [x3] 
By substituting Eq 12 into 13 it is found that ' 
ey oe eh 
bs = (Z)" 01" (a? + 6? — oB —a-B +1)? (ey [14] 


If it is assumed that fracture occurs when a; becomes equal to some critical value der, 
the variation of 6, at fracture with a and 6 can be found by substituting o1 = Ger as 
follows: 


I I=" 
6, (fracture) = (:)' oat (a? + B? —aB —a—B+1) ? (: _ = _ ‘ [x5] 

By raising both members of Eq 14 to the n** power and rearranging, it is found that 
a; = kd" ae {16] 

(a? + 6? — a8 —a—B +1)? (2-a—-8)" 
APPENDIX B 

For biaxial tensile stresses (a3 = 0) Eq 16 reduces to 
a1 bys 2 ee fer 


(a?—a+1) 2 (2—a) 

Assuming again a critical normal stress criterion for fracture, the value of @ resulting 
in the lowest ductility will be that which results in the 7; — 6, curve lying at the highest 
stress level. This value of a can be found by examination of the factor multiplying (26") 
in Eq 17. 


Let (a) = (2 — a)*(a* —a+ 1) 


we can find the value of a which will make ¢(@) a minimum and 1/¢(a) a maximum, 


| ey | 2 do(a) - 

2 —_- = 

. By setting dc ° 
hac : Fi 3n —5 * 
We obtain in this manner a? + ASE a+t1=o 
This quadratic equation has real roots for m values less than 4 (also for m > 3, but this 
range is of no interest since » > 1 results in concave upward curves). For oa a 
L— hes 2 
~(2 5) ; v(# 5) ie 
2 2 
2 


minimum occurs in @(@) when a = 


, I ; 
Thus it can be seen that for < Fi the highest 0, — 6; curve occurs not ata = o but at 


some lower value of a. 
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Comparison of Various Structural Alloy Steels by Means of the 
x Static Notch-bar Tensile Test 


By G. Sacus,* Mremper AIME, L. J. Epertt anp W. F. Brown, Jr. 


(Atlantic City Meeting, November 1946) 


Ir is a generally recognized fact that a 
steel quenched from the austenitic range 
and tempered to yield a structure com- 
posed of tempered martensite becomes 
increasingly more ductile with increasing 
tempering temperature. However, the 
conventional tensile test fails to yield 
any value that is sensitive to differences 
in behavior on tempering among the 

_ various low-alloy steels or among different 
heats of a particular steel. 
is The notched impact bending test, on 
the other hand, has been recognized for 
a considerable length of time as capable of 
revealing differences in impact properties 
among various steels tempered to the 
same strength level (i.e., the same tensile 
strength in a conventional tensile test). 
However, this test is very complex and 
its significance has not been clarified up 
to the present time. Of its three char- 
acteristic features—the high speed, the 
notch, and the bending—the notch has 
been found by Davidenkov? to be the 
most potent embrittling factor. 
Recent investigations on 
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low-alloy 
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steels*:478 have shown static notch-bar 
tensile tests to be more lucid and to 
evaluate the metal properties in much 
the same manner as impact tests. 

In an attempt to analyze the funda- 
mental nature of this test,® it was found 
possible to separate the effects of the 
two basic characteristics of the stress 
pattern introduced by the presence of a 
circumferential notch, the stress state 
and the high initial stress concentration at 
the notch bottom. The major conclusions 
drawn from these previous investigations 
were as follows: 

1. The magnitude of the triaxiality at 
fracture depends primarily on the initial 
notch depth. Its effect is a great reduction 
in the average ductility (contraction in 
area at fracture in the notched section) 
as compared with that observed in uniaxial 
tension. This triaxial stress state occurs at 
a point in the interior of the notch speci- 
men. It determines the notch ductility if 
the notch is mild and/or the metal possesses 
a considerable ductility. On the contrary, 
brittle specimens probably fracture on the 
metal surface (at the notch bottom) at 
which point biaxial stress state is present. 
This biaxiality also considerably reduces 
the ductility of the metal. For small notch 


‘ductilities the notch strength and the 


notch ductility become very sensitive to 
embrittling factors. This is contrary to the 
behavior of the ductility values derived 
from a conventional tensile test, which are 
comparatively insensitive. 
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2. The high initial stress concentration 
introduced by the sharp notch decreases 
rapidly with progressive plastic strain and 
becomes negligible for specimens that 
are sufficiently ductile to allow approxi- 
mately 2 per cent straining without failure. 
The effect of this nonuniform stress 
distribution is the rupture of the specimen 
at a low average stress, the magnitude 
of which depends primarily on the stress 
concentration at fracture. Thus, the notch 
strength of a concentrically tested bar 
is dependent on the ductility for a range 
of ductilities between zero and 2 per cent. 
In this range the notch strength becomes 
very sensitive to embrittling factors. 

3. For conditions of higher ductility 
the strength of the concentrically tested 
notched bar is little affected by its ductility. 
However, by the application of a super- 
imposed bending moment (i.e., by eccentric 
application of the tensile load), a stress 
gradient is maintained to much higher 


COMPARISON OF STEELS BY STATIC NOTCH-BAR TENSILE TEST 


testing technique. This problem, as re- 
viewed by Riegel and Vaughn," is con-+: 
cerned with the fact that various steels or 
heats of the same steel treated to yield 
identical properties in the conventional 
tensile test may exhibit widely different 
service performance. Such differences can- 
not be readily ascribed to unusual features 
of composition or to other known variables. 
Furthermore, except for the impact test, 
particularly at low temperatures, labora- 
tory tests in general have failed to yield 
clearly defined criteria for such differences. 
However, rather recently the static notch- 
bar bend and tensile tests have been used 
successfully for this purpose,*:!° and appear 
to be rapidly gaining popularity. 


MATERIAL AND PROCEDURE* 


Three low-alloy SAE steels were selected 
for this investigation, in order to study 
the effects of individual alloying elements. 
Their compositions are given in Table 1. — 


TABLE 1.—Composition of Steels Tested 


OC 


SAE No. 


Alloys 

Cc 
3.5 per cent nickel (heat AA)........ 2340 0.41 
3.5 per cent nickel (heat E-3)........ 2340 0.39 
I per cent chromium........-.e¢s5+ 5140 0.40 
2 per cent manganese........++eee0e T1340 0.42 


Composition, Per Cent 


Ni Cr Mo Mn Pp S Si 
3.50 | 0.03 | 0.02 | 0.83 | 0.016 | 0.014 | 0.27 
3.46 0.79 | 0.018 | 0.029 | 0.23 

I.00 0.69 | 0.014 | 0.023 | 0.16 
1.81 | 0.023 | 0.022 | 0.24 


a Heat AA is an electric-furnace heat; all others are open-hearth heats. 


plastic strains (ductilities). The derived 
“eccentric notch strength” values have 
been found to be dependent on the mag- 
nitude of the concentric notch ductility 
up to a ductility of approximately to per 
cent. The strength values derived from 
this test, therefore, are sensitive to any 
given embrittling factor over a wider 
range of ductilities. 

This investigation is the initial attempt 
to apply the static notch-bar tensile 
test to a problem of considerable com- 
mercial importance, which, apparently, 
could not be solved by any conventional 


The notched specimens employed in 
this investigation had a nominal cylindrical 
diameter of 0.500 in. and a sharp (radius 
at the bottom of the notch less than 
0.0015 in.) 60° V circumferential notch 
which removed 50 per cent (+2 per cent) 
of the cross-sectional area. Specimens to 
be tested in the fixture yielding high con- 
centricity had buttonhead ends, while 
those tested eccentrically had threaded 
ends. 


* The equipment and method of testing of 
eked specimens has been discussed in 
etail. « 
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SALE 2340 (HEAT AA ) 
/4.50°F ~O/L 
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7000 4200 Oo 


TEMPERING TEMPERATURE (ONE HOUR WATER QUENCH) ~ °F 


Fic. 1.—EFFECT OF TEMPERING TEMPERATURE ON REGULAR TENSILE PROPERTIES OF SAE 2340 
TEMPERED MARTENSITES. 


Pieces of 34-in. diameter, hot-rolled 
rod were first given a homogenizing heat- 
treatment, which consisted of heating to 
1675°F for 14 hr and air cooling. This 
was followed by stress relief at 1200°F 
for 4 hr and furnace cooling. Rough 
machining, including threading and _ pre- 
liminary cutting of the notch, was done on 
the normalized and stress-relieved material. 


Specimens of the various steels were 
then austenitized at the temperatures 
shown in Table 2 for one hour, oil quenched* 
into an air lift type tank, tempered for 
one hour at various temperatures, and 
water quenched. 


* Hardenability studies indicate that full 
hardenability was obtained on a 0.500-in. dia. 
section using the quenching technique pre- 
viously described.* 


608 


TENSILE STRENGTH 


4000 PS/ 


4000 PS/ 


PERCENT 


HARDNESS 


600 


800 


SAE 2340 (HEAT ES) 
S450 °F ~ Oh 
€)~0200 IN DIAME- 


Ries 


ROCKWELL "C" HARDNESS 


AVG. 10 IMPACT SPECS. 


4000 4200 “400 


TEMPERING TEMPERATURE CONE HOUR WATER QUENCH )~F 


Fic. 2.—EFFECT OF TEMPERING TEMPERATURE ON REGULAR TENSILE PROPERTIES OF SAE 2340 
TEMPERED MARTENSITES. 


TABLE 2.—Austenitizing Temperatures 
AUSTENITIZING 


TEMPERATURE, 
STEEL, EG. 

SAE No. (ONE Hour) 
4344) Cheat AA) Soe cscs. os bee ste 1450 
AAO HEAL a4) calebantisicn 5 ¢ oats 1450 

LAG (a ev aisteeie tare wer abe = Sinha 1550 
ESAO ccrs's oh cake a oe Oa os Niels 1525 


To obtain the desired series of equal 
strength levels for the different steels, 
it was first necessary to determine the 


relation between tempering temperature 
and the conventional tensile strength, 
within an accuracy of approximately 
+2000 psi. For this purpose, unnotched 
specimens were used, which had an 
outside diameter of 0.300 in. and threaded 
ends. These were tested in the conven- 
tional ASTM ball-seat fixtures. 

The regular tensile properties are shown 


reas eats 


ie 


weer 


G. SACHS, L. J. EBERT AND W. F. BROWN, JR. 609 


000 PS/ 


PERCENT 


3 
- Q 
a = 
i ates | 
= c 
oe x 
Z N 
ee 
= 20 : 
< 200 400 G00 800 1000 1200 1400 
2, JEMPERING TEMPERATURE (ONE HOUR WATER QUENCH)~°F 


Fic. 3.—EFFECT OF TEMPERING TEMPERATURE ON REGULAR TENSILE PROPERTIES OF SAE 5140 


4 TEMPERED MARTENSITES. 

= in Figs. 1 to 4. These results confirm the The notch specimens were tempered 
- widely recognized fact that in general at temperatures selected from these curves 
at the higher tempering temperatures the to yield-strength levels between 150,000 


properties of the various steels are nearly and 275,000 psi. 

identical. However, at lower tempering Finish machining was done following 
temperatures some differences appear. tempering, and included finishing of the 
Contrary to the other steels, the chromium notch with a carbide tool and grinding the 
steel shows a rapid decrease in contraction cylindrical diameter to yield the correct 
in area and elongation for tempering notch depth and to be. concentric with 
temperatures below 600°F. the specimen axis to within +0.0005 inch. 
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PERCENT 


HARDNESS 


Concentric specimens having buttonhead 
ends were tested in a fixture designed to 
yield an eccentricity of less than 0.001 in. 
Eccentric specimens possessed threaded 
ends and were tested in a fixture designed 
to permit eccentric application of the 
tensile load. A nominal eccentricity of 
14 in. was selected. However, the variable 
fit of the threads determined the actual 
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4200 
TEMPERING TEMPERATURE (ONE HOUR WATER QUENCH) ~F 
Fic. 4.—EFFECT OF TEMPERING TEMPERATURE ON REGULAR TENSILE PROPERTIES OF SAE T1340 
TEMPERED MARTENSITES, 


1400 


value of eccentricity, and this value was 
determined before each test to be 0.23 
+ 0.02 inch. 

The contraction in area at the root of 
the notch, or “notch ductility,” was 
obtained for the concentric specimens 
by means of an improved radial strain 
gauge reading directly to +0.0001 inch. 

For the concentric and eccentric notch 
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specimens, the conventional notch strength 
was calculated from the maximum load. 
Also, for the concentric specimens the 
“notch ductility is reported. 


400°F have been extrapolated* and these 
points appear in parentheses. 

Below a certain strength level of ap- 
proximately 175,000 psi, the concentric 
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notch-strength values for all steels are ap- 
proximately 1.5 times the tensile strength. 
This is due to the triaxiality of stress 
which, according to the laws of plasticity, 


Resutts oF Notcu Tests 


The notched properties are repre- 
sented in Figs. 5 to 8 asa function of the 
tempering temperature. For the purpose 

* At the lowest tempering temperatures the 


of this report these results have been ; E ; 
: ; SAE 5140 specimens behave in a brittle 
replotted on the basis of strength level in manner in the conventional tensile test. How- 


Figs g to 12 The values of the tensile ever, since there is a continuous increase in 


strength (strength level) for the chromium 
steel at tempering temperatures below 


hardness with decreasing tempering tempera- 
ture, the tensile strength at these low tem- 
pering temperatures has been obtained by 
extrapolation. 
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should raise the stress for flow to a 
multiple of that in pure tension, depending 
on the magnitude of the triaxiality. At 
exceeding 


strength levels 175,000 psi 


200 


NOTCH STRENGTH ~/000 PS/ 


| a 
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on two ordinate scales, the larger one : 
being used for ductilities less than 4 per ' 
cent. The ductility under conditions of — 
triaxiality imposed by this test is very much 


/ 
/ 


PERCENT 


oO 
£00 400 600 


the notch strength reaches a maximum 
and then decreases rapidly. This decrease 
is explained by the fact that with increasing 
strength level the ductility decreases 
rapidly, and at strength levels above this 
value it is no longer large enough to allow 
a sufficient plastic strain to completely 
eliminate the initial stress concentration. 
The concentric notch ductility is shown 
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4200 4400 


lower than that in pure tension. It decreases 
progressively with increasing strength — 
level for all steels. The ductility curves for 
the manganese steel and the chromium 
steel flatten out rather sharply to very 
low values of ductility at a strength level 
of approximately 225,000 psi. This trend 
in the ductility values is reflected also in 
the notch strength for these steels. 


ae ow . 
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_ The eccentric notch strength is con- is dependent on the ductility over the 
siderably lower than values derived for entire range investigated. 

the same strength level from the con- Fig. 13 shows a comparison of the 

(a centric bars, because of the high stress notch properties of the various steels 
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gradient introduced by the bending. For on the basis of equal strength. As ex- 
strength levels above 200,000 psi both pected, the concentric notch test does not 
notch-strength characteristics follow much reveal significant differences between the 
the same trend. However, at the lower steels at strength levels below 200,000 psi, 
= strength levels investigated, the eccentric for which the notch ductility is sufficiently 
- notch strength reflects the trend in notch — high (greater than 2 per cent) to eliminate 
ductility, as it is not simply related to the the stress concentration. However, with 
strength level as in the concentric test. increasing strength level, pronounced dif- 
The eccentric notch strength, therefore, ferences begin to. appear; and they become 
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very large for strength levels from 225,000 
to 275,000 psi. 
The concentric notch ductility also 
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psi the curves intersect in a rather complex 
manner but, because of the scattering,* 
the values are not distinctly different. 
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differentiates clearly between the various 
steels. For strength levels above 200,000 psi, 
both the notch strength and the ductility 
rate the steels in an almost identical 
manner. 

The eccentric notch strength shows the 
same trend as either the concentric notch 
strength or the notch ductility for strength 
levels above approximately 200,000 psi. 
In addition, differences in eccentric notch 
strength are noticed at somewhat lower 
strength levels. However, below 200,000 


MICROSTRUCTURES 


The large and consistent differences 
encountered in tempered martensites of 


different alloy steels at strength levels © 


above 200,000 psi or hardness levels 


* This scattering is partly accounted for by 
factors introduced in the preparation and 
testing of the specimens. Thus, the tests made 
more recently under very closely controlled 
conditions, as described previously, vield 
values that scatter considerably less than 
those made with the technique used in the 
past.‘ Attempts are now being made to still 
further reduce the scattering. 
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above 40 Rockwell C (400 Brinell) cannot 
be explained at present. The heat-treating 
conditions selected for this investigation 
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The as quenched (tempered at 300°F) 
microstructures of the steels used in this 
investigation are shown in Figs. 14 to 17. 
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should, according to general conceptions, 
produce structures consisting of marten- 
site (tempered). However, it is generally 
known that many oil-quenched low-alloy 
steels retain very small amounts of aus- 
tenite. Such small quantities are not 
readily recognized, and several investi- 
gations®® indicate that no present method 
is able to yield accurate values for quan- 
tities of retained austenite less than 2 to 3 
per cent. This retained austenite may have 
a considerable effect on the strength 


properties.’ 


The nickel steel, Figs. 14 and 15, and the 
manganese steel, Fig. 17, conform to expec- 
tations in that only tempered martensite 
can be recognized. The microstructure of 
the chromium steel, Fig. 17, however, re- 
veals the presence of a small quantity of 
ferrite. This has been consistently observed 
in all specimens of this heat investigated 
over a period of several years. It is not 
known at present whether such ferrite in- 
clusions affect the strength propertics. 
However, it. may be mentioned that a 
study of partially austempered steels has 
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already revealed a large embrittling effect 
of small quantities of intermediate prod- 
ucts, both of the lamellar and of the 
acicular type. 
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extent also to static notch-bar tensile 
tests. However, the average stress and 
strain values at failure measured in notch- 


bar tensile tests clearly indicate the effects 
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These structural problems will be the 
subject of a future investigation designed 
to reveal the reasons for the observed 
differences in notch properties. 


FUNDAMENTAL MECHANICAL RELATIONS 


The physical significance of data ob- 
tained from testing notched specimens is 
very complex. This applies particularly to 
notch-bar impact tests and to a lesser 


of embrittling conditions, such as the 
high hardness of tempered martensite. 


No other test yielding comparable or — 


more characteristic criteria for the metal 
properties (at room temperature) is avail- 
able at present. : 

It is believed that the average strain 
value or notch ductility may possess a cer- 


tain fundamental significance.”.§ This prob- 
lem is being made the subject of further 


investigations. 
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The measured average stress values for 
given geometrical and load conditions, on 
the contrary, depend upon at least three 
major factors: (1) the strength level or 
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the ductility and the stress concentration. 
Furthermore, these two quantities are 
interrelated. According to a previous 
analysis,® the residual stress concentration 
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hardness) of the metal, (2) the ductility, 
and (3) the stress concentration. The 
notch-strength values may be made inde- 
pendent of the strength level, other 
conditions being identical, simply by 
dividing them by the tensile strength,* 
The notch-strength ratios so formed should 
then depend upon only two major factors, 

* The use of conventional stresses (related 


to the original cross section) rather than that 
of ‘true’ stresses does not affect the validity 


of the conclusions.® 


retained at fracturing has been found 
to be primarily a function of the ductility, 
being reduced rapidly with plastic strain. 
Therefore, the notch-strength ratio, for 
given geometrical and load conditions, 
should be a function of only a single 
major factor, the notch ductility.* In 
addition, it may be affected by various 


* On the contrary, it is not possible to relate 
the notch-strength value to any ductility 
criterion of unnotched specimens. 


618 


minor factors, particularly by the stress- 
strain characteristics of the steel. 
Replotting the data (Fig. 18) obtained 


for the various tempered martensites 
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ing the notch-strength characteristics of 
tempered martensites. 

In subsequent investigations these rela- 
tions will be developed in a more exacting 
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Fic. 12.—NOTCH PROPERTIES AS FUNCTIONS OF STRENGTH LEVEL For SAE Tr 340 TEMPERED 
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discussed confirms the value of these 
speculations. The notch-strength ratio 
for any given set of testing conditions 
(notch depth, notch sharpness, and eccen- 
tricity) is found to be a definite function 
of the notch ductility. This function, of 
course, is different for the concentric and 
the eccentric notch tests. This means 
that any factors except the major ones 
listed above have little significance regard- 


manner, this being one of the means of 
analyzing the notched-bar tensile test. 
Such mechanical manipulations, of course, 


do not eliminate the necessity for deter- 


mining experimentally and analytically 
the stress and strain distributions in 
notched bars deformed plastically until 
failure occurs. However, only by combining 
all available methods of attack can it be 


hoped to explain completely the notch-bar 
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tensile test, and possibly the still consider- 
ably more complex notch-bar bending test. 

It would appear, however, that the 
test. data so far obtained indicates that 
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between different low-alloy steels (and 
even between different heats of the 
same steel) oil-quenched and tempered to 
identical strength levels (or hardnesses) 
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FIG. 13.—NotTcH PROPERTIES AS FUNCIION OF STRENGTH LEVEL FOR VARIOUS STEELS. 


the static notch-bar tensile test can be 
used to evaluate the effect of various 
embrittling factors on the properties of 
structural materials under conditions of 
stress concentration. 


CONCLUSIONS 


1. It has been shown that static notch- 
bar tensile tests reveal large differences 


for the range of high strength levels, 
approximately 200,000 to 275,000 psi 
(40 to 50 Rockwell C). 

2. In the high hardness range, the two 
3.5 per cent nickel steels (SAE 2340) 
showed considerably higher notch proper- 
ties than the 1 per cent chromium steel 
(SAE 5140). In turn, the chromium 
steel possessed notch properties markedly 
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superior to those of a 2 per cent manganese 
steel (SAE T1340). These differences are 
demonstrated in Table 3. 


3. The conceptions previously advanced Mr. G. R. Brophy, of the Internationa 


14 


oa s , car <i 


Fic. 14.—AS-QUENCHED (TEMPERED 300°F) st 


concerning the variation of the eccentric 
and concentric notch strengths with 
strength level and the dependence of these 
values on the (notch) ductility have been 
confirmed for several low-alloy steels. 
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- TABLE 3.—Comparison of Notch Properties 


Tensile strength, 


DSi icles eie. 200,000] 225,000] 250,000] 275,000 
Hardness, Rock- 
Wiel Lg Cre seuetinfelai nei Approx.| 45 49 52 
40 
Concentric Notch 
Strength, psi: 
SAE 2340 
(heat AA) .| 285,000] 285,000] 260,000] 235,000 
SAE 2340 
(heat E-3) .| 280,000] 265,000] 230,000] 200,000 
SAE 5140....| 265,000] 200,000] 180,000} 175,000 
SAE. T1340. .| 265,000] 140,000] 125,000] 125,000 
Notch Ductility, 
Per Cent: 
SAE 2340 
(heat AA).| 3 ears 0.5 
SAE 2340 
(heat E-3).| 2.5 1.0 0.5 
SAE Si40.¢..)|  %. 7 0.5 0.2 
SAE T1340..| 1.4 0.2 0.1 
Eccentric Notch 
Strength, psi: 
SAE 2340 
(heat AA) .| 135,000] 115,000 70,000 
SAE 2340 
(heat E-3) .| 120,000] 100,000 65,000 
SAE 5140....]| 90,000] 60,000 55,000 
SAE T1340..] 130,000] 40,000 35,000 
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Work-hardening and Rupture in Metals 


‘By Lroyp R. Jacxson,* MremBer AIME z 


(Atlantic City Meeting, November 1946) 


In the past 15 years there has been a 
great deal of interest in the fundamentals 
of plastic flow and rupture in metals and a 
number of papers have presented sub- 
stantial advances toward a fundamental 
insight into the mechanism of these two 
processes. 

This paper is an appraisal of the present 
position with respect to the following: 

1. The relative importance of shear and 
hydrostatic stresses in controlling the 
plastic flow of metals. 

2. The relative importance of shear and 
hydrostatic stresses in determining the 
amount of flow before rupture in metals. 

3. The use of generalized strains in 
determining the effect of plastic flow 
on the work-hardening of metals. 
FUNDAMENTALS INVOLVED IN PLASTIC 
FLow 


In attempting to devise a quantitative 
description of plastic flow in metals, it 
has been customary to assume that 
metals are homogeneous and _ isotropic. 
The fact that neither of these assumptions 
is correct complicates the experimental 
appraisal of relations developed. Never- 
theless, as will be shown, metals are close 
enough to being isotropic and homogeneous 
so that considerable insight into the 
mechanism of plastic flow can be obtained. 

The assumptions of isotropy and homo- 
geneity allow both the elastic and plastic 
behavior of metals to be described in 
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Institute. Issued as TP 2072 in METALS TECH- 
NOLOGY, October 1946. 
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terms of 12 variables—six being stress 
variables, and six being strain variables. 

From this viewpoint, it should .be 
possible to represent the stress-strain 
relations in the plastic range for metals 
by a surface in 12 dimensions. One bound- 
ary of this surface would be the surface of 
transition from elastic to plastic behavior; 
the other would be the surface of rupture. 
These two surfaces would be joined by 
the surface of plastic flow. The shape of 
this composite surface would depend on 
the test temperature and speed of straining. 
This paper is concerned only with results 
obtained at constant temperature and 
constant speed of straining. 

While such a representation is con- | 
ceivable, the demonstration of such a 
surface would present almost insurmount- 
able obstacles. 

The most fruitful simplification of this 
concept has been the recognition that 
the behavior of metals in the plastic 
region is primarily a result of shear stresses 
and strains. 

Based on this viewpoint, it is possible 
to utilize stress and strain invariants that 
are independent of hydrostatic components” 
to define an effective stress and strain. 
In effect, this amounts to reducing the 
task of representing stresses and strains in 
12 dimensions to one of representation in 
two dimensions. 

The two invariants (one for stresses 
and one for strains) that have received 
most attention are the following: © 


a? = 346[(Tz2 — Tyy)? + (Toy — Tis)? 
Le (Tis SY Tz2)°] 


+ 3(Ta?+ Ty? + Tat) fe 


sa tray 
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(de)? = 


36[(dezs — deyy)? + (dey, — dez:)? 
+ (de.z — dézz)?| 
+ 146 (de?;, + -de*,, + de*,z) [2] 


Inmethese relations; 225) 7,,, and T:, 
are the stresses along the x, y, and z 
directions respectively, and dézz, déyy, 
and de,, are the infinitesimal strains along 
the same directions. 

Txy, Tyz,and T,, are the shearing stresses 
in the xy, yz, and zx planes respectively 
and dex , dé,z, and de,; are the shearing 
strains in these planes. 

The use of these invariants was proposed 
originally by Von Mises! and Hencky? in a 
special form in which they assumed that 
the coordinate axes were along the direc- 
tions of the principal strains and stresses. 
Zener and MHollomon* proposed more 
general expressions similar to those given 
above, except that the effective stresses 
and strains were referred to shear in the 
octahedral planes associated with the 
principal stresses and strains. The form 
given above is the one proposed by Jelinck, 
Latter, Thomsen, and Dorn.‘ 

In this form, effective stresses and strains 
are referred to the stress-strain relation 
for simple tension; that is, for simple 


tension along the x direction, 
o@ Ls iho [3] 
and de = deézz [4] 


Relation 4 is based on assumption of 
constancy of volume in the plastic region. 
The Strains €r2, etc., are defined by the 
relation proposed by Ludwick® and used 
widely by MacGregor® and others: 
Ao 


dl; I, 
zz = f dere il dlx 


= In J =n A 
As shown by Zener and Hollomon,’ 
and Jelinck, Latter, Thomsen, and Dorn,? 
if the relation between stress and strain 
in the plastic region is independent of 
hydrostatic pressure and strains are pro- 


[s] 


1 References are at the end of the paper. 
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portional to corresponding stresses, the 
relation 


AC) [6] 


can be written (for constant temperature 
and rate of strain) where & and € are the 
generalized stresses and strains defined by 
relations 1 and 2. 

Relation 6 is amenable to experimental 
verification. Evidence obtained so far 
can be summarized as follows: 


Simple Tension 


The effective stress and strain have been 
defined for easy comparison with stress- 
strain curves in simple tension. Since 
these curves are basic, by definition, 
their nature deserves some discussion. 
The true stress-strain curve in simple 
tension has been explored for a number of 
materials recently by MacGregor,® Zener 
and Hollomon,* Hollomon,’ Gensamer et 
al.,8 McAdams and Mebs,?® and others. 

Figs. 1 and 2 illustrate typical results 
obtained. In Fig. 1 effective stress-strain 
curves are plotted. It will be noted: 

1. That the rclation between @ and é 
is curved up to the ultimate tensile 
strength. Gensamer!® has pointed out 
that, at the stress corresponding to 
maximum load in the load-extension 
diagram, the relation 


a [7] 


must hold. 

2. That in all materials the region 
from ultimate tensile strength to rupture 
appears to be strictly linear. 

Unfortunately, this most striking feature 
of the tensile stress-strain curves is not 
useful in any rigorous examination of 
plastic flow. Necking starts at the ultimate 
tensile strength, and from that point on 
the stress system in the region of plastic 
flow is no longer simple tension, nor is 
there any certainty that flow is uniform 
over the cross section. Several attempts 
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have been made to make this region useful. 
MacGregor® has assumed that, at the 
neck, the nonuniformity in stress and 
strain compensate each other. Bridgman?! 
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attempts to enter the region experi- 
mentally by machining out the neck as 


J 
* someone 


soon as it is formed; however, in order to 
ensure continued flow in the region formerly 
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Fic. 1.—TENSILE STRESS-STRAIN CURVES (MacGregor®). 


assumes, and produces some experimental 
verification for the assumption, that the 
strain is uniform over the cross section 
of the neck but that the stress varies. He 
derives an expression!” for the variation 
. in stress based on some assumptions regard- 
ing the shape of stress regions. McAdam? 


occupied by the neck, it was necessary to 


leave a shallow notch. While these various 
attempts to explore this region have 


provided useful information, the assump- — 
tions involved exclude the results from — 
rigorous consideration. As will be brought 


out later in this paper, there is at least 


P 
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2 
a 
Z 


one method whereby this region can be Furthermore, as Hollomon’ points out, 
partially explored without introducing if this relation is correct, 
additional assumptions. 

In Fig. 2, log & is plotted against log é€ n= €; lo] 
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FIG. 2.— GENERALIZED TENSILE STRESS-STRAIN CURVES ON VARIOUS MATERIALS. 


for various materials. From this figure, where é is the strain at maximum load and 
it is evident that, for some materials at 5 
least, it is possible to express the relation ee [ro] 


€ 
between stress and strain in the plastic oe 
region preceding the formation of a neck where S;, is the true stress at maximum 


by the expression load. 
. Nt = As will be brought out in more detail 
logo = log A + log é [8] later, relation 8 does not hold for all 


where n and A are constants. materials. However, it does hold for some 
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and is a very useful approximation for 
all that have been explored so far. 


Relations between Stress and Strain in 
Simple Shear 


Despite the fact that it is experimentally 
easy to obtain stress-strain in simple 
shear by means of torsion tests and thereby 
obtain data for the verification of relation 6, 
there have been remarkably few serious 
attempts to obtain detailed tensile and 
torsion stress-strain curves on the same 
material. 

Nadai!® has provided a method of 
computing the shear stress at the outer 
fibers of a solid torsion bar from the torque- 
twist curve. This expression is 


dM 
> ae (75 


where T is the shearing stress in the outer 
fibers of the bar in pounds per square 
inch, a is the radius of the bar in inches, 
@ is the angle of twist per inch in length, 


Ee 3M) [14] 


dM 
nee is the slope of the torque-twist curve 


at an angle of twist ¢ and M is the torque 
in inch-pounds at angle of twist ¢. 

Zener and Hollomon! have straightened 
out the problem of computing the shear 
strain and show that it is 


Y = ad [12] 


From relations 1, 2, 1r and 12, the 
generalized stress and strain for simple 


shear-are: 
t= V/35S, 


pa 
V3 


[13] 
[14] 


respectively. 

Davis'® and Zener and Hollomon*.?6 
have provided some tensile and _ torsion 
data in a form suitable for use. Fig. 3 
summarizes some of their data plotted 
in terms of gencralized stress and strain. 
The agreement between data obtained by 
tension and that by torsion is reasonably 
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good up to the region where the tension 
test piece begins to neck. For the reasons 
discussed in the foregoing paragraphs, 
it is not valid to make comparisons beyond 
this point. While the results in Fig. 3 
provide some verification of relation 6, 
the following circumstances should be 
emphasized: 


1. Not enough materials have been — 


’ examined to warrant generalizations. 


2. While agreement for strains up to 
the point of necking is good, it is not 
perfect. 

3. Deviations beyond the point of 
necking seem to be larger than could be 
explainable by uncertainties in the inter- 
pretation of tensile data in this region. 

Zener and Hollomon® attribute the 
discrepancy between results from _ ten- 
sion and torsion tests to failure of the 
fundamental assumption of isotropy. They 
present evidence indicating that the 
reorientation of internal submicroscopic 
cracks by the particular flow system 
imposed affects the relation between 
generalized stress and strain. While this 
explanation may account for most of the 
discrepancy, failure of the assumption 
that the mean stress has no effect has 
not been ruled out. 

While the data available do not provide 
clear evidence that the mean stress affects 
the course of plastic flow, they do provide 
clear evidence that the mean stress does 
affect the amount of flow before rupture. 
There are abundant data indicating that — 
the amount of plastic flow before rupture 
in torsion is much greater than for tension. 


Relation between Stress and Strain under 
Biaxial Stresses 


Davis'*.16 has performed experiments on 
tubes under combinations of axial tension — 
and internal pressure. Fig. 4 summarizes — 
typical data from experiments of that. 
type. Here again the agreement between — 
effective stress and strain in simple tension : 


and that obtained by biaxial stresses is — 
‘5 
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good enough so that it is not possible to evidence that the mean stress affects the 
come to a clear-cut decision at present amount of flow before rupture. 
whether discrepancies can be assigned to Table 1 compares the amount of flow 
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failure of basic assumptions or to influence before rupture for biaxial stress and for 
of mean stress on the relation between tension on several materials. The com- 
stress and strain. Again, however, there is  putations in this table are only approxi- 
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mate because they were based on the evidence that the mean stress does affect 
assumption that the ratio between the the relation between stress and strain 
principal strains remains constant through- in the plastic region; however, he declares 
out flow; because of this assumption, that high hydrostatic pressures must be 
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the results should be taken only to indicate imposed before the effect is observable. 
a trend. Again there is evidence that the mean | 
stress affects the amount of flow before 
rupture—as seen in Table 1, the flow 
before rupture can be increased a great 

Bridgman" has recently investigated deal by the addition of hydrostatic pres- 
the effect of superimposing hydrostatic sure; even ordinarily brittle materials may _ 
pressure on tension. He finds clear-cut be induced to behave in a ductile manner. } 


Effect of Hydrostatic Pressure Superimposed 
on Tension Stress 
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Effect of Triaxial Tension on Relation 
between Generalized Stress and Strain 


Because of its great practical importance, 
- numerous attempts have been made to 
study the effect of hydrostatic tension on 
the strength of metals. The only method 
of experimentally applying triaxial tension 
that has yet been devised is the use of 
notched tensile-test pieces. The behavior 
of this type of test piece has been stud- 
ied by, ‘Ludwick and Scheu,!® Knutze,!9 
McAdam et al.,?° Sachs and Lubahn,”! 
MacGregor, ® aud others. While their 
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mean stress with a relation such as 6 can 
be appraised as follows: 

1. The evidence indicates that, while a 
relation such as 6 is a good first approxima- 
tion, it is not precise, not only because 
hydrostatic components do affect plastic 
flow but also because of anisotropy and 
nonhomogeneity of metals. The evidence 
is not sufficient to assign relative values 
to these two influences. 

2. While the evidence shows that hydro- 
static components have only a minor 
effect on the course of plastic flow, they 


“TABLE 1.—Effect of Stress System on Strain [é] to Rupture for Various Materials 


Rupture 


Material Stress System re Investigator 
€jr 
Simple Tension 1.082 : 
ODE Ee aa arse ays e oilers, PaMetnie Clots eb Meneus | Biawal Tension Gm os) OcAT3 \ Davis15 
< imple Tension 0.79 : 
Wer ltam Steel acta cys evs ate eri ae en ciel erates Pe oNeTe Pain oar onaicnteu= at) 0.247 \ Davis1é 
Simple Tension ha 
PAS ROCCE lovee ae ol aeaisiers rs sein ishe ri n\iviee #/0/a/e) Tension plus Hydrostatic Bridgman?! 
Compression 4.62 
Simple Tension ey 
(Ch ra Eien aged o Urs 0 Orc One Cio Oe IO Tension plus Hydrostatic McAdams and Mebs?® 
: Tension (Notched Bar) 0.39 
Simple Tension 1.28 
Beye CTO NGU SLCC! teieeceie a l-aee ls alndaiess Gia fadesan,nicis Tension plus Hydrostatic McAdams and Mebs® 
Tension (Notched Bar) 0.18 
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results have again shown clearly that the 
amount of flow before rupture depends 
on the mean stress, they have made no 
direct contribution toward investigating 
- relation® in the plastic region. Neuber? 
has developed rigorous solutions for the 
stress system surrounding specific notches 
in the elastic region; however, the stress 
system in the vicinity of a notch during 
plastic flow has never been analyzed 
adequately. Most of the investigators 
mentioned have attempted to analyze 
these stresses but none of their analyses are 
sufficiently rigorous to be of use in examin- 
ing the possible validity of equation 6. 
From experiments of the type described, 
the possibility that the relation between 
stress and strain during plastic flow can be 
described by consideration of shear com- 
ponents and without considering the 


have a major effect on the amount of 
flow before rupture. 


Relation between Generalized Strain and 
W ork-hardening 


It can be shown that the concept of 
effective strain as defined by relation 2 
is of considerable use in describing the 
results of work-hardening. Again it is 
profitable to refer results to strains pro- 
duced by simple tension. 


Strain-hardening in Simple Tension 


Fig. 2 shows some evidence that the 
progress of work- hardening by simple 
tension can be represented by Eq. 8. 
As was pointed out, however, it is difficult 
to test this relation after necking starts, 
because the stress system is no longer 
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simple tension. Furthermore, as will be 
shown below, there is evidence: 

1. That the linearity implied by Eq. 8 
is not a general property of metals and, 
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of behavior in steels. Fig. 6 shows con- 
ventional load-extension curves correspond- 
ing to curves 1, 2, and 3 in Fig. 5. . 

Note that point a on curve 2, Fig. 5, 


MILD STEEL ANNEALED IN HYDROGEN. 
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Fic. 5.— ILLUSTRATIVE TENSION STRESS-STRAIN DIAGRAMS FOR VARIOUS STEELS IN SHEET FORM. 


in particular, fails for very small strains; lies within the region of nonuniform : 
and yielding (point a, curve 2, Fig. 6) where — 
2. That in a given material, the degree Liiders bands are forming. In the experi- 
with which the work-hardening curve ments producing these data, the elongations. 
approaches linearity in the sense of Eq. 8 from which the true strains were com- 
- can be controlled to some extent by chang- puted were measured over a 2-in. gauge 
ing the metallurgical structure of the length and thus represent an average for a 
material (i.e., grain size). considerable amount of material. If the 
Figs. 5 and 6 illustrate a variety of types gauge length had been much shorter 
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(i.e., if it had included just one Liiders 
band) the stress-strain relations would 
have been very different and the linearity 
demonstrated in curve 5 would not have 
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variety of stress systems. This can be 
demonstrated by 

1. Straining a metal plastically by some 
stress system other than simple tension, 


0) MILD STEEL, ANNEALED IN HYDROGEN 
@ ANNEALED MILD STEEL COLD REDUCED 1% 
AND HEATED TO 500 °F FOR |! HR. 
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ELONGATION-INCHES /INGH 
Fic. 6.—LOAD-EXTENSION DIAGRAMS CORRESPONDING TO STRESS-STRAIN CURVES IN FIGURE 5. 


been evident. While these data indicate 
that Eq. 8 can be used as an approximation 
to the rate of work-hardening only for 
specific materials, there are indications 
that there is a general relation between 
the extent of work-hardening and the 
sum of generalized strains imposed by a 


measuring the strain imposed, and com- 
puting the generalized strain produced 
by 2; and 

2. Making a tension test on the strained 
material. 

Results indicate that the tension results 
for the strained metal fall directly on the 
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z 
tension stress-strain curve for simple parallel to the rolling direction, others 
tension when the generalized strain previ- perpendicular and others 45° to the rolling 
ously produced is added to that in the test. direction. 
Mehringer and MacGregor®? have ob- From Eq. 2, the generalized strain cor- 
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DIRECTION. 
; 
i 
01 10 ai 1.0 
EFFECTIVE STRAIN & 
Fic. 7.—EFFECT OF COLD-ROLLING ON WORK-HARDENING OF LOW-CARBON STEEL. 
tained data that can be used to illustrate responding to the various percentages of . 
this relation. Their data were obtained cold-rolling is computed from the equation 
on a 0.19 per cent C, 0.85 Mn steel that 
had been annealed at 1650°F., furnace- es J dé=—*_ in Ay [x5] 
cooled and then cold-rolled from o to V5 
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50 per cent reduction in area. They where Ao is the area before cold reductions — 
obtained true stress-strain data on all and A the final area. 5 
test pieces representing all degrees of Figs. 7, 8, and 9 show Mehringer and 
cold-work. Some test pieces were cut MacGregor’s data for the three orienta- 
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tions with respect to the rolling direction. 
In these plots the points were located by 
adding the generalized strain from cold- 
rolling to that read from Mehringer and 
MacGregor’s tension stress-strain curves. 


,e) 
° 


EFFECTIVE STRESS 0-1000 PSI. 


5 
' 


.Ol 10 


— 


WORK-HARDENING AND RUPTURE IN METALS 


of the data in these figures shows that 
the curves are substantially independent of 
rolling direction. 

Fig. 10 shows some further data from 
Mehringer and MacGregor 


comparing 
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In utilizing the tension stress-strain 
data, only the portion of the curves up 
to the region of necking was used, because 
of uncertainties in interpretation beyond 
that point. Most of the points representing 
various degrees of cold-rolling fall either 
directly gn the tension stress-strain curve 
for the annealed material or on a pro- 
longation of it. Furthermore, comparison 


cold-work by rolling with that ee 
by tensile stress alone. 

The results in Figs. 7 to 10 provide a 
basis for the following conclusions: 

1. Little is known about the stroa 
system during the cold-rolling operation; — 
nevertheless the plastic strains could be 
measured, and the effect of the strains on 
work-hardening appears to be directly — 


- 


LLOYD R. JACKSON 


additive to the effect of tension strains. 
Furthermore, the data in Fig. 10 indicate 
directly that the stress system used to 
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produced by simple tension. By this 
means, it is possible to obtain accurate in- 
formation regarding work-hardening with- 
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produce a given strain does not affect 
the amount of work-hardening produced 
by that strain. 

2. If statement 1 is correct, it is possible 
to utilize cold-rolling, cold-drawing or 
some other form of deformation under 
restraint in order to apply large strains 
that would have produced necking, with 
its complications, if the strains had been 


out having to solve the problem of stress 
distribution in necked tension tests. 

Figs. 11 and 12 illustrate some addi- 
tional information that can be gained by 
this technique. 

Fig. 11 shows some data obtained at 
Battelle on tough-pitch copper and by 
Balicki2® on Armco iron. Test pieces for 
the data on copper were prepared by cold- 
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drawing 0.325-in. annealed copper rod to duced strains beyond the range of the 
o.ogt-in. diameter and saving some mate- tension curve. Further, the relation is 
rial after every few passes. All material nonlinear and Eq. 8, therefore, does not 
was annealed for 3 hr. in steam at 1000°F. apply. The data on Armco iron from 
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and was then drawn down to o.ogt-in. Balicki was obtained in a similar manner. — 
diameter. Thus the final test material Points on this curve represent the initia- ; 
was all o.og1-in. diameter but represented tion of plastic flow in wires cold- drawn 

cold-work varying from o per cent reduc- to the extent indicated. i 
tion in area to 93.5 per cent reduction. Fig. 12 shows some data from Wilkins 
The points for the cold-drawn copper fall and Bunn*4 on the effect of grain size 
on the same curve as the annealed, where on the work-hardening relation for copper 
these overlap and appear to fall on a and spring brass. Here the main point 
prolongation where the cold-drawing pro- to be noted is that the work-hardenin 
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relation is essentially linear for coarse- 
grained material but is curved for fine- 
grained material. While the difference in 


q grain size may not be the only factor in 
producing the difference between the 
_ work-hardening curves, it is significant 
A that the shape of this curve is not an 
- inherent property of the metal, but can 
4 be changed by heat-treatment or other 
a manipulations in the solid state. 

3 CONCLUSION 

4 


Evidence pertinent to the use of stress 
and strain invariants that are independent 
of hydrostatic components has been 
reviewed. It is concluded: 

1. That the relation between the stress 
and strain invariants can be considered 
to give a close approximation to the 
progress of plastic flow in metals; how- 
ever, hydrostatic stresses do have an 
effect, which must be considered. 

2. While the hydrostatic components 
have only a minor effect on flow, they 
have a major effect on the amount of 
flow before rupture and may determine 
whether rupture is cleavage or is cohesive 
in character. 

3. The amount of work-hardening pro- 
duced by plastic flow appears to be 
describable in terms of a strain invariant 
and is independent of the stress system 
4 producing that flow. 
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DISCUSSION 
(J. H. Hollomon presiding) 


M. G. Corson*—There is at present a 
strong trend among metallurgists to talk 
mathematics. Mr. Jackson’s paper is a good 
example of it. He begins by writing down the 
two invariants for stress and strain composed 
together of 12 specific terms and he suggests 
that they could be presented as points on a 
surface of 12 dimensions. That sounds rather 
scientific but is pseudoscientific. None of the 
12 symbols involved can be reduced to a 
numerical value taken from experimental data, 
therefore both invariants and the surface 
of 12 dimensions have no purpose. And if the 
reader follows the subject in pages 629 to 637 
he will find no point where the two invariants 
and that 12-dimensional surface are made use 
of. In fact, were our experimental methods suffi- 
ciently elaborate and precise to permit deter- 
mining the 12 members of the two invariants 
we could examine them right in our everyday 
three-dimensional space, but unfortunately 
we are still miles away from the point where 
the necessary data will be available. 

On page 623, Mr. Jackson mentions an array 
of authorities and offers two tiny equations 
(4 and 5) due to Ludwick. Ludwick experi- 
mented very little and theorized very much, 
but the theory upon which those two little 
equations are based was utterly faulty. The 
volume does not change much in the plastic 
flow, but it is exactly that tiny change that 
makes an enormous difference. Hence, his 
equations should be either set aside or at 
least critically examined. Besides they are 
not applicable to the problem that our author 
endeavors to examine—that of the flow after 
the ‘“‘necking’’ starts and up to rupture. 

I must object further to the use of the log-log 
curves and equations which the author uses 
too frequently. A curve (not equation) of the 
type y log x is a most convenient and useful 
tool for compacting the X when units, thou- 
sands and millions, must be presented in the 
space of a diagram. But a log Y-log X curve 
is meaningless (because logs have no physical 
meaning) and its only purpose is to decrease 
the magnitude of real deviations to the point 
where they become too small to remain 


* Metallurgical Consultant, New York, N.Y. 


obvious. I am quite sure though that Mr. 
Jackson simply did not notice this ‘‘decrease 
in sensitivity” and did not use it on purpose. 

On page 626 the author presents Eqs 13 and 
14 and states that they follow from Eqs 1, 
2, 11 and 12. The mechanism of that trans- 
formation is nowhere evident and should be 
presented—if at all possible—in some detail. 
There is not even an asterisk nor a footnote 
to tell the reader where to look for this specific 
transformation. 

Mr. Jackson’s diagrams 7 to 12 could be 
useful if they were done in ordinary manner. 
Their size (as printed) is rather large and 
therefore they occupy a disproportionate 
part of the volume of the paper. Their con- 
nection to the problem of rupture is more than 
obscure and they do not advance our “knowl- 
edge’? (I should prefer to say our “Jack of 
the faintest idea”) of the mechanism of 
plastic deformation. 


J. H. Horromon*—TI wish to ask for a little — 
further discussion concerning the divergence — 
between the stress-strain curve and tension — 
and torsion. How much of this divergence is 
due to the stress system and how much to the 
anisotropy of plastic flow? 


L. Jackson (author’s reply)—With regard 
to Mr. Hollomon’s request for further dis-— 
cussion of the divergence between torsion and 
tension curves in the plastic region, I can 
say that I do not understand the divergence. 
It is possible to select data from the literature | 
that show no divergence. However, there 
are enough data available to indicate a possible - 
difference between the shape of plastic flow — 
curves in tension and torsion so that it does 
not seem justifiable to attempt to make a_ 
generalization. It is possible that the idea, 
advanced several years ago by Zener and 
Hollomon! that the stress system effects the 
orientation of defects may account for the 
difference in behavior of various materials _ 
in this respect. 2. 

Mr. Corson’s remarks have been received 
and noted. 3 
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A Thermodynamic Theory of the Fracture of Metals 


By Epwarp SAIBEL* 


(Atlantic City Meeting, November 1946) 


Tur various theories that have been 
advanced to explain or predict the con- 
ditions under which a metal fractures may 
be divided into two categories: 

First, there are the macroscopic theories 
generally used in engineering practice. 
These are empirical in nature and limited 
in application. For example, the maximum 
normal stress criterion, which is quite satis- 
factory for a mild steel in simple tension 


at atmospheric pressure,! no longer suffices 
when this steel is pulled under hydrostatic 


pressure.” In all of these empirical theories, 
the critical condition characteristic of the 


material and of the loading conditions 


must be obtained experimentally. 
Secondly, there are the theories based 
on interatomic forces,** or on the energy 
required to form new surfaces.*.® These 
have all dealt with the theoretical evalua- 
tion of the tensile stress necessary to bring 
about rupture in a purely brittle manner; 
that is, without plastic flow preceding 


fracture. All of these attempts have led 


to values of the tensile strength of crystals 
or of polycrystalline bodies that are too to 
tooo times higher than observed values. 
On this account, it has been thought neces- 
sary by some investigators to conceive of a 
microcrack structure or distribution of 
flaws throughout the specimen such that 
the resulting stress concentrations provide 
the factor necessary to bring about agree- 


This investigation was carried out under a 


contract with the David Taylor Model Basin, 


Bureau of Ships, U. S. Navy Department. 
Manuscript received at the office of the Insti- 
tute Sept. 9, 1946. Issued as TP 2131 in METALS 


_ TECHNOLOGY, February 1947. 


* Associate Professor, Carnegie Institute of 


Technology, Pittsburgh, Pennsylvania. 


1 References are at the end of the paper. 


ment between calculation and experiment. 
It has been pointed out by several. ob- 
servers’ that this point of view is highly 
unrealistic, in that the weakening effect 
of these flaws or microstructures must be 
very uniform from specimen to specimen, 
since the fracture stresses found for 
various specimens of the same material 
tested under similar conditions are so 
nearly constant. Furthermore, since cal- 
culations based on atomic forces or atomic 
energy are for purely brittle fracture, a 
condition probably never satisfied in 
tests, agreement is hardly to be expected. 


THERMODYNAMIC THEORY OF FURTH 


In order to resolve this apparent dis- 
crepancy between the theoretical cohesive 
strengths and the observed fracture 
strengths, Firth? advanced a thermo- 
dynamic theory of the tensile strength of 
isotropic bodies based on work of Born? 
relating to the melting of crystals. Assum- 
ing an isotropic material free from im- 
perfections and flaws, behaving elastically 
up to the breaking point, and assuming a 
connection between rupture and the melt- 
ing phenomenon, Fiirth obtains an expres- 
sion for the rupture stress o, in the form 


I — 2p 
Biases ce 


a = Wp 


where Q is the melting energy per unit 
mass, p is the density, and yp is Poisson’s 
ratio. Fiirth compares fracture stresses 
computed from Eq 1 with the fracture 
stresses of metals as given in the Landolt- 
Bernstein Tables (1927) and in the Hand- 
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buch der Physik (1928), extrapolated to 
absolute zero. For iron, a typical com- 
parison, the stress at fracture computed 
from Eq 1 is about 87,000 psi while the 
value extrapolated from the tables is 
about 114,000 psi. 

Several objections to Fiirth’s work can 
be raised. Among these are: (1) that his 
theory, applying as it does to isotropic 
bodies that remain elastic up to the frac- 
ture point, is impossible to check, since 
there is no positive evidence that any 
observed fractures are purely brittle; (2) 
there is no place in the theory for the 
effects of plastic flow, alloying elements, 
heat-treatment, etc., upon the fracture 
strength. Finally, extrapolation of fracture 
stresses to absolute zero is hardly reliable. 

It is by no means evident that there 
exists a real discrepancy between the 
theoretical calculations of cohesive strength 
and observed values. It must be remem- 
bered that the theoretical calculations 
are for purely brittle rupture; that is, the 
material must behave elastically up to the 
breaking point. There is no evidence to 
show that this condition ever exists. 
Examinations of fractured surfaces all 
show some evidence of plastic flow. This 
plastic flow may be highly localized, and 
the over-all ductility of the fractured 
specimen may be small, but within these 
localized regions considerable plastic flow 
may occur. Fracture is a localized phe- 
nomenon and will be governed to a large 
extent by local conditions. The fact that 
over-all ductility may be small, as in 
some tensile tests carried out at low tem- 
peratures or at high rates of strain, does 
not mean that the critical element of 
volume has behaved elastically up to the 
fracture point. It has been customary to 
classify as “‘brittle” all fractures in which 
over-all ductility is small, but this is not 
the sense in which the classification 
“brittle” will be used in the present 
paper. Here it will mean elastic action 
right up to the fracture point. 


A THERMODYNAMIC THEORY OF THE FRACTURE OF METALS 


THE PROPOSED THEORY 


The object of this paper is to develop 


a general criterion for the fracture of 
metals. This is done from the thermo- 


dynamic point of view, and, therefore, the 4 


discussion does not include a detailed 


mechanism of the fracture process. Frac- 


ture, as in Fiirth’s theory, is related to the 
bf 


melting phenomenon. The criterion de- 


veloped may be applied to the case of a 


purely brittle fracture; that is, the case 
where Hooke’s law holds right up to the 
fracture point, or to the case where plastic. 


flow precedes fracture. 
In either case, the single unifying prin- 
ciple developed leads to numerical results 


that compare favorably with experimental 


values obtained in the case where plastic 


flow precedes fracture as well as with — 
earlier theoretical calculations for brittle 


strength. 

The proposed theory is based upon the 
following assumptions: 

1. All of the strain energy is available 
for the abolition of cohesive strength. 

2. The heat of fusion is uniformly par- 
titioned throughout the volume occupied 
by the substance. 

3. The quantity of energy required 
for the abolition of cohesive strength is 
equal to the fractional change in specific 
volume in passing from the solid to the 
liquid state multiplied by the heat om 
fusion. 

On the basis of these assdaptiees the 
critical condition may be expressed, 


u = JL,AV/V 


where wis the strain energy per unit. 
volume, 


Lm is the latent heat of melting per 


mol, 

AV is the change in volume of one 
mol of the substance on passing 
from the solid to the liquid state, 


(le 


; 


Pa 


V is the molecular volume in the 


solid state at the melting point, 


hE 


le eat ete et VOL bl al 
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J is the conversion factor making 

the units of both sides of Eq 2 
consistent. 

If u is expressed in inch-pounds per cubic 

inch, and L,, in kilogram-calories per mol, 


J = (3086) (12)(2.54)3 
since 1 kg-cal = 3086 X 12 in-lb and 
pORsaecmas——ot1n 


Concerning the assumptions upon which 
this theory of fracture is based: 

x, In the present paper, all of the 
examples are worked on the basis of the 
rupture test being carried out not too 
slowly; as a consequence, no “leakage” 
of energy through loss in heat occurs. 
However, should this loss in energy be 
large enough to warrant attention, it 
may be taken care of through the intro- 
duction of the proper term in Eq 2. 

2 and 3. A semiquantitative derivation 
for the fracture criterion may be obtained 
on the basis of the Eyring model of the 
liquid state.2” This model is based upon 
the assumption that the liquid may be 
regarded as made up of “holes” moving 
about in matter and that these holes play 
approximately the same role in a liquid 
as molecules do in the gas phase. The 
change in volume on passing from the 
solid to the liquid state is assumed to be 
due to the formation of holes. 

Let E, be the energy necessary to form 
the hole of average size of volume V.. 
Assuming that the latent heat of melting 
is equipartitioned throughout the element 
of volume, and that the energy density 
is the same over the hole structure as it is 
throughout the volume occupied by the 
substance, it follows that, 


Bye is 
eae 
LntV o 
or no — om 


where x is the number of holes formed per 
mol. Assuming that the change in volume 
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is due entirely to the formation of the 
hole structure, AV = nV,. Consequently, 


AV. 


U = Lin V 


where uw is the energy necessary for the 
formation of the holes, and since it is the 
formation of the hole structure that has 
been postulated as being responsible for 
the abolition of cohesive strength, this 
becomes the critical condition, or criterion 
for the initiation of fracture. 

The right-hand side of Eq 2 may be 
evaluated in the following manner: 


where VW is the molecular weight in grams, 
ps and p; are the densities at the melting 
point of the solid and liquid phases, 
respectively. Since V = W/pz, 


AV _ ie 1) _& 
V = Ps ws Bayi [3] 


Values for p, and p; for several metals 
may be found in the Handbuch der Metall- 
physik#® and numerical examples worked 
in the paper are based upon these values. 
Other values for AV are to be found else- 
where; Slater,!! for example. The values 
for AV from these sources, however, are 
not in good agreement. 

Nor for that matter is there agreement 
among the values given in various sources 
for Lm, though here the differences are 
not nearly so large, except for aluminum, 
for which values ranging from 64 to 93 cal 
per gram may be found.’ In view of the 
uncertainties in the fundamental ther- 
modynamic data, and in view of the present 
lack of knowledge of the variations of AV 
and Lm with the state of stress in the 
element, it is not to be expected that the 
agreement between fracture stresses cal- 
culated on the basis of Eq 2 and the 
experimental findings will be very good. 
In Table 1, upon which most of the cal- 
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culations are based, the values of Lm are 
taken from Slater,!! and, as mentioned 
above, the values of AV/V are calculated 
from the data on p, and p; in the Handbuch 
der Metallphysik. 


TABLE 1.—Thermodynamic Data 


WAIN ING 
Pp pl ig 
s - 
Element | Grams | Grams | AV/V See 55 
pe th aes Mol | CuIn 
Fe (7.15,)| 6.83 | 0.045 3.56 | 105,000 
Cu 8.35 8.0 0.042 gir 79,400 
Al 2.56 2.40 | 0.063 2.55 | 97,700 
Zn 6.9 6.6 0.044 1.60:| 42,800 
Pb II.0 LO 67, 0.028 L.22 20,800 
Sn 7.2 7.0 0.029 I.72 | 30,400 


Thus far, the right-hand side of Eq 2 
has been considered for pure metals only. 
For an alloy, the situation becomes some- 
what complicated and fracture probably is 
related to the phase that has the lowest 
melting point and to the volume change 
that this phase undergoes. However, this 
point needs further study; and in the 
present paper the materials considered 
contain only small amounts of alloying 
elements, the effect of which is quite 
marked on the energy calculation but will 
be assumed to be small on the latent heat 
of melting and the change in volume. 


THE ENERGY CALCULATION 


The work per unit volume done by the 
forces acting on an element may be ex- 
pressed in the form, 


= f(oide, + o2de2 + osdes) [4] 


where 01, o2, and o3 are the principal 
stresses and ¢1, é2, and é3 are the principal 
strains. In general this energy may be 
separated into two parts; one associated 
with the distortion of the element and the 
other with its change in volume. In the 
truly brittle case, no plastic flow or dis- 
tortion occurs and only elastic energy is 
operative. Under these circumstances, “ 
becomes, for an isotropic body upon in- 
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osc 


troducing Hooke’s law, 3 
u=—n FAG + a2? + 03?) 

— Ys + 01s +00) [sl 
where E is the modulus of elasticity and V | 


is Poisson’s ratio.¥* = | 
The two special cases of Eq 5 that will ] 


be of interest will be: s 

Simple tension: ¢1 = 0302 = 03.= 0 j 
o 4 

whereupon bode toy 7 [sa] | 


Hydrostatic tension: o1 = 62 = 93 =o 


[58] 


r) 


BE De a A 
leading to “= SE (1 — 2V)o 


When plastic flow has occurred, usually 
both energy of distortion and elastic energy © 
are present. However, in many cases, — 
only a small error results from neglect of 
the latter. When these conditions apply, 
the energy per unit volume may be put 
in the form 
2 


“= feds [6] 
where 


= = Los —o2)*+ (2 — 53)? 


‘J. 


| 
+ @s—o:)"*% Tie 
5 = 36 [8:2 + 5:2 + 5:7) J 


1, T2, 73 and 6), ds, 53 being the principal : 
true stresses and principal natural strains, ; 
respectively. ¢ and are sometimes referred . 
to as the significant stress and strain, 
respectively.!4 They are proportional ge | 
the octahedral shear stress and strain. The 
usefulness of these quantities, arising from 2 
their invariant properties, has been pointed 
out by Nadai.!® 

The true stress is the actual stres 
acting across an element of area as dis- 
tinguished from the nominal stress, such 
as load divided by original cross-sectional — 
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area in the tensile test. The natural strain 
6 is based on the instantaneous gauge 
length!® and is defined in uniaxial tension; 
for example, as 


1 dl l 
b= fT = to 7 


‘0 


Furthermore, in the plastic region, the 
natural strains satisfy the condition: 


6, + 62+ 63 =0 


It may be seen from the definitions of 
significant stress and significant strain 
that in the case of simple tension, o2 = 


6 

o3 =o and 62 = 6; = — = that 
2 

a = 01 

and = 5, 


Thus the relationship between ¢ and é 


may be established by means of the simple - 


tension test. However, as is well known, 
beyond the maximum load, the state of the 
stress is no longer uniform simple tension 
but is complicated during the necking down 
process by the introduction of other stress 
components.'7,!8 However, it is reasonable 
to suppose that the relation between ¢ 
and 6 may be expressed over the whole 
range in the form 


& = ko [8] 


where & and are constants that may be 


obtained from that part of the experimental 
curve starting at the origin up to the point 
of maximum load. It may further be 
assumed that departures from this curve 
in the tensile test at points beyond the 
point of maximum load are due to the 


‘introduction of these other stress com- 


ponents, Fig 1. 

Using the relation between ¢ and 6-as 
given by Eq 8, the strain energy per unit 
volume becomes 


ras . Bont 
ua [ted = [ol 


If the correction for the hydrostatic 
component of stress may be neglected, 
it is often sufficiently accurate to express 
the relation between a; and 6; in the tension 
test in the form 


01 = 001 + poi [ro] 


where p is the slope of the straight-line 
portion of the true stress-strain curve and 
do: is the intercept of this straight line on 
the axis of zero strain. Using Eq 10, u 
becomes 


5,2 
u = 00101 + = [x1] 


Both sides of the criterion, Eq 2, having 
been evaluated, it is now possible to 
introduce numerical data fo’ particular 
cases and to check the results with experi- 
mental findings. Before doing so, however, 
it is of interest to examine how closely the 
problem is amenable to a completely 
theoretical treatment. 

At the present time, it is possible to. 
evaluate the right-hand side of Eq 2 from 
fundamental physical data for a pure 
metal, although as yet the accuracy of the 
calculations is not great; that is, it is 
possible to derive both the latent heat of 
fusion and the change in volume on melting 
from the theories of the solid and liquid 
states.!9 The left-hand side of the basic 
equation must still be evaluated from 
experimental findings. As yet, it is not 
possible to predict the true stress-strain 
curve of a material from fundamental 
data. When this becomes possible, the 
entire problem of the flow and fracture of 
metals may become amenable to a com- 
pletely theoretical treatment. © 

In the present paper, it is assumed that 
the effects of strain rate, temperature, 
metallurgical structure, etc., are reflected 
in the stress-strain curve and that enough 
of this curve is known to allow its expression 
in analytical form, 
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Purely Brittle Fracture 


For a metal that behaves elastically 
up to the fracture point, the criterion for 
fracture, Eq 2, in simple tension, leads to 


1op 
; 2 Eat oS 
or os = (2ME)* [x2] 
and se} = M 


or os = [2ME/3(1 — 2V)]” [13] 


for hydrostatic tension, 


where M = JL,AV/V 


The values of oy in simple tension are 
calculated for several metals on the basis 
of Eq 12, using the data of Table 1, and 
the results, compared with the theoretical 
calculations of Polyani® as given by 
Seitz,?° are shown in Table 2. 


TaBLE 2.—Values a, in Simple Tension 


of, Dsi, me of, psi (from 


E, 
Metal | psi, x’ 10-8 Eq i 


Seitz20) 
by ee ete 30 2,500,000 1,700,000 
Cit oe vst 17 1,650,000 1,260,000 
Ale 10 1,400,000 530,000 
LDDs yoke 5a 6 700,000 825,000 
Pie aa 2.56 320,000 370,000 
Le ee 7.9 690,000 510,000 


Values for the cohesive strength ob- 
tained from Eq 13—that is, for hydrostatic 
tension, differ by only small amounts from 
those given in Table 2. 

As pointed out before, close agreement 
between the values calculated here and the 
earlier calculations is hardly to be ex- 
pected, for not only are the fundamental 
data used in this paper somewhat in doubt, 
but also the data used in Polyani’s treat- 
ment. His calculations for a lower limit 
to the rupture stress are based on the 
equation 


o,d = 2F [14] 


where F is the energy required to form the 


new surface per unit area and d is the 
distance over which the attractive forces 
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= \ 
% 
* 


operate. This requires an estimate of F 

from surface-tension calculations and the ~ 
assumption that d is the distance between — 
neighboring planes. ; 

However, these values for the fracture _ 
stress of a material that remains elastic 
up to the breaking point have only theo-— 
retical interest. It does not seem likely 
that they will ever be attained or chechoa 
in the laboratory. 

In the case of such materials as gallium | 
and bismuth, the density is greater in the — 
liquid than in the solid state. Under these 
circumstances, it is still assumed that the _ 
energy necessary for the abolition of — 
cohesive strength is that fractional part 
of the energy of melting associated with 
the change in volume. In this case, Eq 3_ 
becomes 


ate [3a] 


— =1 


— * for 7 < 
V p pt 


The data for bismuth, taken from the 
same sources as above, are as follows: 


Im = 2.51 kg-cal per mol, 
AV/V = 0.03, 
M = 45,900 in-lb per cu in 
~E = 4.6 X 10° lb per sq in 3 


Substituting these data into Eq 12 
yields a; = 650,000 psi, which may be — 
compared with the value obtained from 
Polyani’s treatment, oy = 351,000 psi. 


Fracture Preceded by Plastic Flow 


Of much more practical interest is the - 
case where fracture has been preceded : 
by plastic flow. Unfortunately, in this case, — 
the stress system in the strained body is 
generally complicated and unknown. It is — 
probably unrealistic in any such problem — 
to consider the state of stress as ever being — 
one-dimensional. However, in the tension — 
test, this will be assumed and the results 
compared with experimental values. Fig 1 
shows schematically a typical curve for 
true stress vs natural strain for a poly- 
crystalline material tested in tension. 
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Point A is the place on the curve where 
the load reaches its maximum value and 
represents the limit of homogeneous flow 


2 
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tainties at the present time in the data 
used in this paper, it does not seem feasible 
to make this correction. 


“hing Sel rp eehe § 


Fic 1—ScHEMATIC DIAGRAMS OF A TRUE STRESS-NATURAL STRAIN CURVE IN TENSION AND OF 
SIGNIFICANT STRESS-STRAIN CURVE FOR SAME MATERIAL. 


in the specimen. Beyond that point the 
stress system at the minimum section where 
strain measurements are made, ceases to 
be one-dimensional. The strain as recorded, 
is an average strain across the section in 


+ the direction of the load. The computed 


cle 


stress, load divided by actual cross-sec- 
tional area, is also an average of the stress 
across the minimum section. Furthermore, 
in the calculations for the significant stress 


6, and significant strain 6, unknown com- 


ponents enter. Bridgman" and Davidenkov 


and Spiridonova!® have worked out ap- 


proximate solutions for the state of stress 
in the necked region of a tensile specimen 
of circular cross section from which 
approximate corrections may be made 
to the generally used average state of 
stress. However, in view of the uncer- 


If the significant stress-significant strain 
curve is put in the form 


o = kon [8] 


and it is assumed that corrections to the 
state of uniform one-dimensional tension 
are negligible, Eq 8 may be written 


oi = Ros" [8a] 
where ai is the stress in the direction of 
loading of the specimen. Similarly the 
strain energy per unit volume becomes 


hoy +1 
Oren +1 


[oa] 


whereupon the criterion for fracture, 
Eq 2, yields 
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Mn + Mine ex 


[15] 


and Cif = k [ [16] 
where oy is the axial stress at fracture 
5,, is the axial strain at fracture 
and M = JL,,AV/V as before. 

Simpler expressions for the stress and 
strain at fracture will be developed on the 
' following pages. However, it will be of 
interest to compare several values of 
oy and 61, calculated from Eq 15 and 16 
with experimental values. In the following 
examples, the thermodynamic data are 
taken from Table 1, and the results are 
tabulated in Table 3. 
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the calculations for the stress and strain 


at fracture become quite simple. The 
criterion for fracture, Eq 2, becomes 

6;? = 

O0101 + t 7 vi [17] 


which when solved using Eq 10 leads to 


ap Vo? + 2Mp 


[18] 
es oif ? Toi : 


[x9] 


H 


and 


Since its selection is in some measure 
arbitrary, it is possible to define the yield” 
point as oo1, which as pointed out above, — 
is the intersection of the straight-line 


TABLE 3.—Comparison of Some Stress and Strain Values at Fracture i 
Based on o; = k6," 
Experi- 

Calculated mental 

Material Source %) |e 

ois ois ois oy 4 
Bie: = 

ONrnd pct carbos steele. regi sdleus-tomls a stents Vivian’5 I16,500]0.42 |126,000/1.19 | 124,000/1. 15 


SA F273 45 GOO™ INO .phiscmsaatweislew sievarcipretotn aes Low? 


405,000/0.0875| 368,000/0. 313] 396,500|0.45 


ANMEAIEE COPPOL. oh sale erase Oh vicleiele viele. -eietats Davis?® 70,000|0.453 | 81,600|1.41 80,000]1.30 
Asinealed COPPER: Seine sispcciese we toiewiels mine emails Saibel and Ran-| 62,000/0.324 | 70,500/1.49 | 79,000|1.49 
som ‘ 
DL AAS aL Hector Naletin (steve ore ees elgg ed wank By ota Scat Gensamer et al.?9| 104,700/0.174 | 105,000|1.07 | 96,000 0.41 
Al 24S-T using Slater’s value for AV......... Gensamer et al.29| 104,700/0.174 | 98,300/0.66 | 96,000]0.41 ; 
2. 


Except for the aluminum alloy 24S-T, 
the correlation between the calculated 
and the experimental values of the stress 
at fracture is fairly good. Even in this 
case, the calculated value of the stress at 
fracture may be considerably improved 
by using Slater’s data,!! which lead to a 
value for AV/V of 0.038, instead of the 
value calculated from Masing’s data, 
which led to AV/V ='0.063. 

When it is sufficiently accurate to express 
the true stress vs. natural strain in the 
form 

1 = G01 + pdr [ro] 


from which the energy per unit volume 
as shown above turns out to be 


2 
&@ = 0101 + po [11] 


portion of the flow curve with the axis of 
zero strain. If the yield point is so defined, 
Eq 18 furnishes an interesting relationship 
between yield stress o.1, minimum rate of | 
strain hardening #, and fracture stress o1/, © 
in the tension test. 

A considerable amount of data has been 
collected in the past few years on flow 
curves for different materials, particularly — 
for steels of various heat-treatments and 
amounts of alloying elements tested at a 
variety of temperatures and under different 
rates of strain. Fortunately some of the 
results have been tabulated in terms 0 
0.1 and #, so that the direct applicatio 
of these data to Eq 18 is feasible. I 
particular, MacGregor,2! in an article 
on the true stress-strain tension test, 
has recorded these data as well as the 
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TABLE 4.—A pplication of Equations 18 and 19 to MacGregor’s Data* 


Steel ature of os PEIN FY bis 
Designation Test, Fes p Calculated Experi- Galeniated Poe 


TPES 70 63,500 64,400 121,500 1.06 0.907 
I1i2 32 69,700 56,700 122,300 1.05 0.92 
I112 —119 79,000 62,900 135,000 0.954 0.906 
1045 75 91,000 89,700 142,700 0.825 0.57 
1045 70 95,500 72,800 126,000 0.83 0.47 
1045 32 98,500 70,600 130,400 0.83 0.46 
1045 —123 110,000 78,600 142,500 0.75 0.414 
1045 250 87,500 88,300 136,000 0.84 0.547 
1045 500 102,000 84,700 131,500 0.78 0.343 
1045 650 95,000 73,000 120,000 0.835 0.313 
3140 70 129,000 102,900 197,000 0.64 0.648 
3140 32 138,500 100,200 200,000 0.61 0.602 
3140 —123 148,000 104,000 212,500 0.59 0.605 
3140 — 300 184,500 154,600 221,500 0.475 0.232 
4140 70 138,000 94,900 231,000 0.62 I.003 
4140 32 141,000 ~ 98,600 234,500 0.61 0.972 
4140 —125 153,500 109,900 242,000 0.57 0.915 
4140 — 300 200,000 145,800 294,000 0.45 0.661 
W-N1-Cr 70 133,000 91,200 198,000 0.67 0.718 
W-Ni-Cr 300 II7,000 89,200 192,000 0.71 0.806 
W-Ni-Cr 580 112,000 93,100 I9I,500 0.72 0.849 
W-Ni-Cr 780 110,000 98,000 194,000 0.715 0.845 
W-Ni-Cr 950 II2,000 76,000 167,000 0.75 0.739 


0.4 0.5 0.6 0.7 0.8 


xe 
‘ 529n A 
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Fic 2—STEEL SAE 2345; OIL-QUENCHED AT I 500°F; TEMPER 400° AND 500 F; ONE HOUR ATR COOL. 
(C atesy Dr. J. Low and Carnegie-I linois Steel Corporation.) 
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stress and strain at fracture for many 
steels tested at different temperatures. 
Table 4 shows the results of applying 
Eqs 18 and 19 to MacGregor’s data for 
some of these steels and gives a com- 
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fracture. The double sign associated with 


u, arises from the fact that the state of — 
internal stress can be either tension or — 


compression. Although it would be some- 
what difficult to estimate or to measure Up, 


£ 
parison of the results of the calculations of Eq 2a is useful in that “, may be found ~ 
stresses and strains at fracture with the indirectly from it. For example, in the ; 
experimental findings. The basic data are SAE-1045 set used in the example cited — 
taken from Table r. above, the fracture stress computed at 
a 
TABLE 5.—A pplication of Equations 18 and 19 to MacGregor’s Data for Two Special Groups — 
Ey £ 
Temper- o oy, f 
Steel ature of olf, E ih 51s, Bxnerie 
Designation ety Tor b Calculated oes 9 Calculated jase ; 
eg F py 
1045 75 91,000 89,700 138,000 142,700 0.52 0.57 } 
1045 70 95,500 72,800 133,000 126,000 0.515 0.47 : 
1045 32 98,500 70,600 135,000 130,400 0.52 0.46 ‘ 
1045 —123 110,000 78,600 147,000 142,500 0.47 0.414 
1045 250 87,500 88,300 135,000 136,000 0.54 0.547 ; 
1045 500 102,000 84,700 144,000 131,500 0.495 0.343 
1045 650 95,000 73,000 133,000 120,000 0.52 0.313 
4140 70 138,000 94,900 218,000 231,000 0.84 1.003 : 
4140 32 141,000 98,600 223,000 234,500 0.83 0.972 4 
4140 —125 153,500 109,900 238,000 242,000 0.77 0.915 
4140 — 300 200,000 145,800 289,000 294,000 0.61 0.661 
The agreement is quite good except in 70°F on the basis of the data of Table r 


the SAE-1045 series, where the calculated 
values for the stress at fracture are con- 
sistently higher than those reported experi- 
mentally, and in the SAE-4140 series, 
where the calculated values are con- 
sistently lower. Just why this is so is not 
certain, but it is possible that the value of 
M in each of these cases may be different 
from the one used. For example, if, in 
the SAE-1045 group M is taken as 60,000, 
and in the SAE-4140 group M is taken as 
150,000, pretty fair agreement results, 
as shown in Table s. 

On the other hand, the discrepancy 
may be due to the state of internal stress 
existing in the material before the loads 
are applied. This consideration suggests 
that Eq 2 be put in the form 


JL AV /V [2a] 


where wu, represents the initial energy 
density in the material before the external 
loads are applied and w represents the 
test of the energy density necessary for 


We ig = 


was 156,000 psi; whereas the measured 
fracture stress was 126,000 psi. Assuming 
an initial energy density of 45,000 in-lb 
per cu in., due to the presence of hydro- 
static tension, reduces the M value from 
105,000 to 60,000, and the calculation 


proceeds as before. While the computed — 


fracture stress has been arbitrarily im- 
proved at 70°F, it will be noted that it 
has also been improved in all the tests 
at the various temperatures, as may be 
seen in Table s. 

Still another possibility presents itself; 
namely, the effect of metallurgical struc- 
ture upon initial energy density. There 
are at least two ways in which this. may 
manifest itself. First, through stress con- 
centrations arising from discontinuities 
such as would be found, for example, in a 
pearlitic structure; secondly, through an 
initial energy density arising through a 
strained lattice structure, as in a marten- 
sitie steel. ; : 

The data on the effect of metallurgical 
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a structure on the flow curve and on the The data of Table 6, taken from Hollo- 
e fracture of metals are meager at the mon,” are for an SAE-1045 steel under 
__ present time. Considerable experimental various heat-treatments. It is found that 
j 


42 
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work must be done before a theoretical 
attack can be formulated. 

These considerations, together with ‘the 
uncertainties in the fundamental data, 
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a value of M of 150,000 psi brings about 
good agreement. 


It is of interest to note in connection 


with the values given for the experimentally 


TaBLeE 6.—Data for SAE-104 5 Steel under Various Heat-treatments 


; Hollomon’s o1f, o1f, ou, oy, 

ay Designation Ca p Calculated | Experimental| Calculated Experimental 

a 3-1 240,000 I05,000 298,000 294,000 0.55 0.50 

2 3-2 175,000 IOI,000 246,000 270,000 0.70 0.90 
3-3 140,000 95,000 219,000 220,000 0.83 0.88 
3-7 80,000 80,000 173,000 160,000 I.16 t.t 


particularly AV, mentioned before, make 
jt not too undesirable to adjust the value 
of M within limits in the present treatment. 
This has been done in the next two cases 
considered. 


ee ee 


determined stresses at fracture that they 
are difficult to determine, as Hollomon™ 
points out. He determined the values cited 
by continuing the straight-line portion 
of the true stress-strain curve to the strain 
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measured at fracture and reading the 
stress values from the graph. 
As a further illustration, another set of 


: 7=6+ pd 
steels is analyzed. Figs 2 and 3 show the 
true stress-strain curves of two SAE-2345 Whereupon i ! 
steels and their heat-treatment. The value woot ’ Oe lon) a 
of M is taken to be 200,000, and the results : 2 ; 
} 
TABLE 7.—Data on Two SAE-2345 Steels fi 
M = 200,000 ' 
Specimen olf, olf, os, 51s, 3 
Paper mon z Calculated | Experimental} Calculated | Experimental 
& 
7 
400° No. 1 313,000 167,000 406,000 396,000 0.56 0.46 A 
400° No. 2 313,000 177,000 400,009 408,000 0.49 0.52 : 
500° No. 1 275,000 143,000 354,000 385,000 0.55 0.71 
500° No. 2 275,000 136,000 360,000 386,000 0.625 0.72 
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as before. Or, if sufficiently accurate, it 
may be assumed that 


TABLE 8.—Theory Applied to Copper and Aluminum+ 


Material 


dol 


UTE COPDET o> see sverd ace sas 37,000 
Annealed copper........... 30,000 
Pure aluminum,...........| 17,000 
BAS Oe A vials c:trstay vieeanele tone met 31,000 
Ba S= Tees ae laeats mene ak 62,000 


olf, oi, 1s, ous, 
Calculated | Experimental | Calculated | Experimental 


2 For copper M is taken from Table 1; for aluminum, M is taken as 40,000. 


are shown in Table 7. No. 1 at 400° was 
used previously and the results are shown 
in Table 3. 

The applicability of the theory to other 
metals is illustrated by the true stress- 
strain curves for annealed copper and 
“pure” copper, shown in Fig 4; those for 
“pure” aluminum, 24S-T and 24S-O, 
shown in Fig 5, and the results given in 
Table 8. 


Multiaxial State of Stress 


In general, the evaluation of wu, the 
strain-energy per unit volume, may be 
obtained from Eq 4; or, when elastic strain 
energy may be neglected, from Eq 6. 
If the relation between ¢ and 5 may be 
approximated by means of relation 8, 
the strain energy, as shown takes the form 


ee ele 


eke lo] 


73,000 70,000 1.44 Iu27 
81,400 80,000 1.41 1.30 
35,100 31,200 I.52 
53,900 48,000 0.94 0.74 
102,000 96,000 0.50 0.42 
and the criterion for fracture becomes either 
20) a 
= M {22] 
n+1 
=) po 
or ¢.6+*—-=M [23] 


depending upon whether Eq 9 or 21 is used. 
If the former is used, 


op — ik [=e sie [24] 


and if the latter is taken to be the criterion, 
Since few reliable data exist for fracture 
in a multidimensional state of stress, 


attention will be confined to two cases: 
(1) balanced biaxial loading, and (2) axial 


loading combined with hydrostatic pressure. _ 
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Fic 4—TRUE STRESS-NATURAL STRAIN CURVES IN TENSION. 
Annealed copper, E. A. Davis (personal communication) ; “pure” copper, Sachs.” 
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Biaxial Stress System 


Considerable work has been done on the 
biaxial state of stress, particularly through 
the medium of the thin cylinder under 
combined axial loads and internal pressure. 
Unfortunately, the state of stress just 
preceding fracture is complicated by local 
effects, such as bulging or necking. On 
this account, it is not possible to use the 
fracture data that have been reported 
in many cases, since these data are cal- 
culated by using the original geometry 
of the test specimen. 

There is one type of test, however, that 
may be used as a check on the theory for 
the special case where 0; = 02 =o. This 
is the thin, circular metal sheet clamped 
around the edge and loaded hydrostatically 
on one side. Little error is introduced if 
it is assumed that the sheet behaves like 
a diaphragm and that bending stresses 
may be neglected. Furthermore, for all 
practical purposes, it may be assumed that 
o; =o. From symmetry it is seen that 
6; = 62 and, since 6; + 62 + 63 = 0, 


5 = 26, [26] 


It may also be seen from the definition of 
é that for the case 0 = 2 =o anda; = 0, 


[27] 

Since the ¢ — 6 curve is theoretically 
coincident with the o; — 6, curve in pure 
tension and experimentally lies very close 
to it, the same calculations as were applied 
in the tensile test may be made with ¢ 
and 6. For example, for the aluminum 
alloy 24S-O (Table 8) it was found that 
Fiz = 53,900 psi and that dy, = 0.94. 
Consequently, applying the criterion given 
by Eq 25 leads to 


¢=0 


G; = 53,900 psi 


and Os = 0.94 
from which 

Gis = 53,900 
and Oy 10347 


by virtue of relations 26 and 27. 
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The thickness at fracture may be found 
from 


ty i teos a foe 751 = toe [28] 


Thus for-the material used in this © 
example, 


ty = ten""* =10:361, 


where ¢, is the original thickness of the 
sheet. This corresponds to a reduction in 
thickness at fracture of 61 per cent. The 
average experimental findings for this 
material tested as described show a reduc- 
tion of 57 pct in thickness at fracture.*4 

The calculation may be carried out in a 
similar manner for the 24S-T alloy. The 
results are: 


Go; = G1¢ = 102,000 psi 
dy = 2017 = 0.50 
t = ,¢- 9-50 = 0.61%, 
a reduction in thickness of 39 per cent. 
Gensamer et al.%4 find an average experi- 
mental value of 34 per cent for this 
material. 


4 


Triaxial State of Stress ; 

In any actual situation, the state of 
stress is always three-dimensional, though — 
often good approximations may be ob- 
tained by neglecting one or more of the — 
stress components. However, it is very 
important to consider the general case — 
and, in particular, the influence of a — 
balanced triaxial state of stress upon the 
mechanical properties of materials. Vir- 
tually no exact stress analyses have been 
carried out in three-dimensional problems 
after plastic flow has occurred. Con- — 
sequently, it is rather difficult to obtain 
a correlation between the proposed theory 
of fracture and the experimental evidence 
except in a somewhat general manner. 

A case that shows some promise of being 
amenable to rational treatment is the 
one in which a cylindrical bar of circular 
cross section is pulled under hydrostatic 
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pressure. Bridgman? has done this sort of 
test and has obtained stresses and strains 
at fractures very much higher than those 
observed under normal conditions. The 
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to take this system into account, consider 
the work done against a hydrostatic pres- 
sure oy. If the volume of a hole is V, and 
this hole is formed against a steady pressure 


oro, 


Fic 6—STATE OF STRESS ACTING ON AN ELEMENT IN A BODY SUBJECTED TO AN AXIAL PULL UNDER 
HYDROSTATIC COMPRESSION. 


state of stress of an element of the test 
specimen, shown in Fig 6, consists of the 
axial stress o; and the hydrostatically 
applied stress oy on the sides. This is 
equivalent, as shown in the figure, to a 
balanced triaxial compression ow plus. an 
axial stress of 0; + ox. The corresponding 
values of the significant stress and strain 
are found as follows: 

Since o2 = 03 = —@u, the negative sign 
indicating compression, 


€é=oi1t+on [29] 


and since 5, = 53, from symmetry; and 


6, + 62 + 63 = 0, 


6 = 61 


So that when @ and 6 at fracture are 
found, o; and 6; at fracture are derived 
immediately. 

The criterion for fracture was developed 
under the assumption that the formation 
of the hole structure was responsible for 


the abolition of cohesive strength. In the 


calculation of the energy necessary for the 


- formation of the holes, and, consequently, 


for the abolition of cohesive strength, no 
account was taken of the work done against 
a hydrostatic system of forces. In order 


on, the additional work necessary is 
onV, and the total work done in forming 
N, such holes will be NicxV.. Assuming 
the change in volume on melting due 
entirely to the formation of the hole 
structure, V;V, = AV. 

Consequently the work done against the 
pressure is ovAV, or the work per unit 
volume done against the pressure is ou. 
Thus, under these conditions, the criterion 
as given by Eq 2 becomes 

i meat +oun [30] 
where ow now represents the component of 
hydrostatic compression. If the ¢—6 
representation is in the form 


the criterion for fracture takes the form 


ont 
m+. 


= M-+on 


where M has the same meaning as before; 


AV 
namely, JLm qT" 


Thus 6; = ees (M + on) | [31] 
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Usually u is quite small and to a fair degree 
of approximation 


jy = "47 (Mt +02) 


[32] 


However, in this case, as shown above, 
5 = 6:1; consequently, Eq 32 may be 
written 


7 (M +on) 


b= [33] 
From this last equation, it is apparent 
that 61, increases with og in an approxi- 
mately linear manner. In fact 


diy n+ 

ee [34] 

oe wy FE _ [ss] 
or Fie meres S 35 


This is verified by the example shown by 
Bridgman.? In this example, Bridgman 
plots the hydrostatic pressure at fracture 
as ordinate and the longitudinal strain at 
fracture as abscissa for an SAE-1045 steel. 
The locus of fracture is approximately a 
straight line of slope equal to about 
80,500 psi. From the fact that 6, was 
equal to about 0.80 at atmospheric pres- 
sure, and taking M equal to 105,000, 


the value of n+ may be estimated from 


Eq 33. It is approximately 131,000 psi. 
A value of M equal to 64,000 would bring 
the approximate theoretical value and the 
experimental one into agreement. This 
value of M, in view of the agreement 
found earlier with experimental data on an 
SAE-1045 steel using M = 60,000, is 
not unreasonable. 

The neglect of the elastic part of the 
energy has introduced little error in this 
example, as may be seen from the following 
consideration: 

If, at any stage, the loads are removed 
from the specimen, the flow curve returns 
to the axis of zero stress along a straight 
line of slope equal to the modulus of 
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elasticity of the material. The area BCD 


. 


in Fig 1 represents the elastic portion of — 


the strain energy per unit volume, and 
it may be seen that it is small in comparison 
with the total strain energy represented by 
the area under the entire curve up to the 
point where the load was released. There 
will be cases, however, where this elastic 
part of the energy will be important and 
cannot be neglected; for instance, when the 
amount of plastic flow preceding fracture 
is small. 


SUMMARY 


A general criterion for the fracture of 
metals has been formulated from an energy 
point of view. It is assumed that a relation 
exists between fracture and the melting 
phenomenon, and on the basis of a simple 
model of the liquid state, the critical con- 
dition is derived. 

The critical condition is applied to: 
(1) the case of a purely brittle fracture, 
and the results are in accord with earlier 
theoretical calculations; (2) fracture pre- 
ceded by plastic flow, and the results are 
in quite good agreement in most cases 
with experimental values. 

It is conjectured that plastic flow 
precedes all fractures and that purely 
elastic behavior up to the fracture point 
is an ideal condition never realized. No 
discrepancy exists, therefore, between 
fracture strengths as determined experi- 
mentally and those calculated on the 
basis of purely brittle action. Conse- 


quently, no need exists for the hypothetical — 


microcrack structures. 


CONCLUSION 


A great deal of experimental and 
theoretical work remains to be done. The 
state of stress existing in a body when 
plastic flow has occurred, the effects of 
the variables upon the flow and fracture 
properties of materials, the evaluation 
of the thermodynamic data and a detailed 
study of the mechanism of fracture are 
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some of the fundamental problems awaiting 
solution. It is hoped that the proposed 
point of view will form a basis for a rational 
and systematic investigation. 
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DISCUSSION 


(R. M. Brick presiding) 


D. J. McApam, Jr.*—The theory that the 
total strain energy is a criterion for the frac- 
ture of a metal cannot be established by 
merely assembling values of strain energy 
and heat of fusion for various metals and 
finding an approximate parallelism. It must 
be shown that the theory is correct in all 
its implications. The general opinion of 
metallurgists has been that resistance to 
fracture is a mechanical property, not a 
physical property, and thus is sensitive to 
structural changes, such as those induced by 
heat-treatment. The author’s theory, however, 
implies that resistance to fracture is a physical 
property, and thus is insensitive to structural 
changes. It thus implies that heat-treatment 
of a steel has little effect on the total strain 
energy, although it has great effect on the 
flow stress and resistance to fracture. Ample 
evidence, however, is available to show that - 
this implication is incorrect. 

Some of this evidence is presented in Fig 7, 
which shows results of tension tests of un- 
notched specimens of various steels at room 
temperature. Plastic deformation is expressed 
in terms of Ay/A, in which Ao and A represent 
initial and current areas of cross section. As 
values of Ao/A are represented on a logarithmic 
scale, abscissas represent true strains, and 
the stress-strain lines are approximately 
straight between the points representing 
maximum load and fracture. To avoid con- 
fusion, the curves between points representing 
yield and maximum load have been omitted. 
As the area under a complete. stress-strain 
curve of this type is approximately propor- 
tional to the total strain energy applied to 
unit volume, a qualitative comparison can 
be made of the total strain energies for the 
steels represented in the figure. The comparison 
shows that heat-treatment designed to in- 


* National Bureau of Standards, Washing- 
ton, D.C. 


656 A THERMODYNAMIC THEORY OF THE FRACTURE OF METALS 


1Z-17.5--INGOT !RON, ANNEALED. 

EK-17.5-—-INGOT IRON, ANNEALED. 

1H-16.5-—0.24% 6, ANNEALED. 

|H-W-9——0.24%C, QUENCHED AND TEMPERED 
|W-14.5—-—0.28%C, 3.7%NI, ANNEALED. 

|W-W-11-—0.28%C, 3.7% NI, QUENCHED AND TEMPERED. 
|W-W-9—-—0.28%G, 3.7% NI, QUENCHED AND TEMPERED. 
AZ-15.75—— 0.46%C, 0.88% CR, 0.14% V, ANNEALED. 

AZ-0-10—— 0.46%C, 0.88% CR, 0.14% V, QUENGHED AND TEMPERED. 
AL-0-10—— 0.33% G, 0.95% GR, 0.15% MO, QUENCHED AND TEMPERED. 
AY-W-10——0.43%C, 0.95% CR, 2.16% NI, QUENCHED AND TEMPERED. 
O--ULTIMATE STRESS 

A--TRUE STRESS AT MAXIMUM LOAD. 

D--BREAKING STRESS. 
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crease resistance to plastic deformation and 
resistance to fracture causes a corresponding 
increase in the total strain energy. Moreover, 
variations in composition so slight that they 
would have little effect on the heat of fusion 
have great effect on the strength and on the 
total strain energy at fracture. This is an 
example of the evidence indicating that the 
total strain energy is sensitive to structural 
changes. 

The author’s theory is incorrect in another 
implication. The theory implies that the 
technical cohesive strength of a metal is 
unaffected by plastic deformation. The general 
knowledge that the flow stress increases con- 
tinuously with plastic deformation would 
prevent anyone from proposing a strain- 
energy criterion for flow. For a similar reason a 
strain-energy theory for fracture becomes 
untenable if plastic deformation causes con- 
tinuous increase in the technical cohesive 
strength. Much evidence that the technical 
cohesive strength increases continuously with 
plastic deformation, and hence with the strain 
energy, has been available for several years. 
Such evidence has been presented by the 
writer and his associates at the National 
Bureau of Standards, in a series of papers 
beginning more than five years ago*°"*? The 
evidence shows that plastic deformation 
increases the cohesive strength continuously, 
at a decreasing rate, and only slightly less 
rapidly than it increases the flow-stress. The 
evidence shows that resistance to fracture 
and resistance to flow are similarly affected 
by other important factors; namely, the stress 
system, temperature and the strain rate. The 
resistance to fracture of a polycrystalline 
metal cannot be expressed in terms of any 
single parameter. It probably is a function 
of the volume stress and some shearing stress, 
possibly the octahedral shearing stress.° 
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E. F. Ponceret*—In the two theories of 
fracture that have been proposed to explain 
the phenomenon of fracture, it is rather sur- 
prising to find that the very nature of a 
fracture has been ignored, together with two 
of their most important factors. 

The theories quite efroneously assume 
that a fracture is an instantaneous phenomenon 
taking place clear across a body, in spite of 
the fact that it has been known since 1929 
that fractures begin at a certain point usually 
located at a surface, and propagate therefrom 
at finite and measurable rates. 

These two theories are based on the belief 
that a fracture takes place at a definite stress 
without any allowance for such factors as 
the duration of the stress or its rate of increase, 
which have been known to be important since 
1934. The fact that the strength of a glass 
rod varies more than threefold when the 
duration of the test is increased from 3400 
second to a full day shows that the duration 
is a factor of importance. 

Neither of the two theories takes into account 
the influence of the surrounding medium, 
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which has been known since 1928 to have 
considerable influence on fracture strengths. 
By changing the surrounding medium or 
atmosphere the strength of a glass rod can 
be made to change about fifteen-fold. This 
factor is so important as to prompt Professor 
Gaudin to remark that comminution—or 
fracture—is really a chemical phenomenon, 
while Dr. Preston thought that in a tensile 
test of glass the glass is not tested as much 
as the surrounding atmosphere. 

I shall limit my discussion to these three 
points, although there are still more factors 
that a theory of fracture should not ignore. 


J. H. Hottomon*—Being one of the co- 
chairmen of the meeting, I hesitate to discuss 
any of the papers that have been presented, 
and further, having had the pleasure of 
talking with Mr. Saibel during the war about 
fracture, I hesitate to offer any criticism of 
the paper. 

However, I should like to bring up several 
points. One of these concerns the first assump- 
tion made in the thermodynamic analysis of 
fracture; that is, that all of the energy under 
the flow stress during the deformation is 
available for liquefying the metal. 

I realize that Mr. Saibel has said that this is 
probably not quite true, but it may be pointed 
out that this energy has been measured and 
we know what it is. Taylor and Quinney 
have measured the energy during plastic 
flow and find, as I remember it, that about 
go pct of the energy under the stress-strain 
curve is converted into heat, and only to pct 
of that energy is latent energy in the material 
and is available for liquefaction. 

This correction would change the com- 
puted fracture stress, as I understand the 
theory, by a large factor. 

The second point concerns one Dr. McAdam 
has raised, and with which I agree most 
heartily. It seems to me that the structure 
enters this theory only through some abstruse 
mechanism that is related to an energy term. 
The problem of fracture then has not changed 
but is still one of finding how structure affects 
this initial energy. 

To me, as a metallurgist, the primary 
problem concerns the effect of structure on 
the fracture stress. In the present theory, 
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structure enters through a constant term L’9 


and there seems to be no way of calculating © 


how structure affects this term. We do know 
that tremendous changes in fracture stress 
can be brought about by structural changes. 
I do not see, other than by introducing the 
concept of stress concentration, which is the 
concept of defects, how the variations of 
fracture stress with structure can be accounted 
for. 

The third point is one raised by Mr. Fisher 
this morning concerning the comparative 
effects of tensile strain and compressive 
strain on the fracture stress. Tensile strain 
raises the tensile stress required for the fracture 
and compressive strain lowers it. The flow 
curves are the same essentially in tension 
and compression, and the present theory does 
not seem to explain how tensile and compres- 
sive deformation can affect the fracture 
structures differently. 

Further, the experiments of Swift might be 
suggested, in which he twisted a steel speci- 
men, followed this twisting by tensile deforma- 
tion, and the specimen broke on a helical 
plane. Following this experiment, he twisted 
and then untwisted the specimen before 
pulling in tension and the fracture stress 
recovered and the specimen broke with a 
cup cone fracture. It would be appreciated 
if Mr. Saibel would discuss this point. 

I would like to make one comment on a 
point of Mr. Poncelet’s concerning the effect 
of atmosphere on the fracture stress. Measure- 
ments have been made for ductile metals 


in which the effect of atmosphere is small, | 


and furthermore, for plastic metals, it is 
likely that fracture begins at the interior 
rather than at the surface, and in this case 
the effect of atmosphere should be negligible. ~ 


M. G. Corson*—This discussion had its 
inception in a chain of critical considerations 
aroused by the most recent paper of E. Saibel, 
in which he connects the quantitative data 
on fracture with the heats of fusion and 
incidentally mentions a number of other 
papers and ideas on the same subject. 


I must start by differentiating between the _ 


practical art of metallurgy and the physics of 
metals. From the viewpoint of the art, I 


am afraid, the whole subject amounts to— 
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boondoggling. The designers of structures 
and engines will never agree and their sup- 
pliers, the metallurgists, will never suggest 
that a metal part should be even occasionally 
loaded to as little as one half of the elastic 
limit. For them such data as ultimate tensile 
strength, final elongation and area reduction 
serve merely as indicators of the quality of the 
sample under consideration, and changing 
from these data to those of the “‘true”’ stress 
and ‘‘true’”’ strain will not introduce any 
more light in the situation. 

On the other hand, problems of plasticity 


“are of tremendous importance to the metal 


roller, extruder or drawer, and other workers. 
Unfortunately, the mechanism of any and 
all of such processes is most complicated and 
the study of the plasticity phenomena taking 
place in the ordinary “‘simple”’ tension experi- 
ment is of little help, if any. 

The situation becomes quite different when 
we leave the observation tower of the metal- 
lurgical art and pass to the beacon of metal 
science. Here every bit of knowledge added 
carries a great value, provided it is obtained 
from a chain of refined, many times ¢epeated 
and duplicable experiments with the results 
illuminated by the light of logical analysis. 

As far as I am concerned, the best I can 
do (unfortunately) is to examine critically 
the theories and ideas extant. 

1. I must object to the use of the misleading 
term ‘simple tension.’”? No sample can be 
pulled by gluing its flat ends to the pulling 
heads of a tensile testing machine. In the 
best case we can use threaded ends, which 
means that the machine exerts a pressure 
upon the surface of the threads and this 
pressure is transformed into tension passing 
from the outer layers of the sample toward 
the center. It is practically unavoidable that 
some sort of a lag should exist, consequently 
the stresses produced in the outside layers 
must be greater than at the center. What 


sort of a law governs that lag I would not 


state a priori, but I can state that had we 
engaged in the testing of large numbers of 
samples with diameters of 0.5, 1.0, 1.5, 2.0, 
2.5, 3.0 in., and so on, we might quickly :find 
whether a lag exists and what formula might 
describe it best. 

2. True Stress—It is an easy thing to 
compute the instantaneous true stress as 
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long as the deformation proceeds slowly 
enough to permit the correlation of the indi- 
cated load with the diameter or length meas- 
ured. However, once the yield point is passed 


Tipe 


Fic 8—ScHEME OF RELATIONSHIP BETWEEN 
LOAD AND TIME OF LOADING IN A TENSILE 
EXPERIMENT. 

AB shows the rapid increase in the load 
through the range of pure elasticity, BC up to 
the point of maximum load, CD from the maxi- 
mum load to the failure by fracturing and DE 
the drop of the load when the oil pressure is 
released. Only in very few cases can the D 
point be determined with a good accuracy. 


the elongation and contraction take place both 
rapidly and unevenly. The cross-sectional 
area becomes elliptical, if not worse. Besides 
the arithmetically computed ‘true stress” 
is merely a true average axial stress in the 
best case. The actually true stresses must be 
distributed in a far more complicated manner, 
and it is exactly that complicated ‘stress dis- 
tribution that causes plasticity (Fig 8). Ergo: 
to understand plasticity we must form first 
of all a plausible idea of the stress distribution 
among the atoms—an idea based on experi- 
ment, not on playing with mathematics 
applied to the nonexisting continuum. .On 
my part, I would say that a careful examination 
of thousands of samples of a fairly uniform 
history, stopped at various stages of the 
plastic deformation, might easily provide the 
foundation necessary. 

It must also be kept in mind that plastic 
deformations depend greatly upon the time 
factor and the acceptance of a “standardized” 
velocity of load application introduces a 
most unwarranted limitation. The use of 
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graded constant loads covering the interval: 
yield point-maximum load (obtained on 
preliminary testing) is most likely to produce 
the material needed for further studies, and I 


é 
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Fic 9—MAGNITUDES OF STRESSES APPLIED 
TO SAMPLE AND NATURAL COHESION STRESSES 
IN SAMPLE BEFORE LOAD IS APPLIED. 

The very possibility of plastic deformation 
in tensile testing should depend on two plausi- 
ble even if hypothetical considerations. The 
diagram above shows in ABC the curve of 
the magnitudes of stresses applied to the sample 
and DEF the curve of the natural cohesion 
stresses existing in the sample before the load 
is applied. The flow starts when A and C coin- 
cide with D and F. The DEF curve undergoes 
a continuous displacement until it is reduced 
to the D,F, shape when fracture occurs. 


believe that such ‘‘creep” tests should be 
arranged so as to obtain sets of photographic 
records of the piece tested, the load being 
automatically recorded on the same plate or 
film. The test pieces should be highly polished 
and macrographs of their surfaces taken 
automatically at specific intervals of the 
total elongation. 

It must also be remembered that ductile 
metals (or alloys) possess no fracture section, 
because the fracture takes place along a 


combination of slip and pull planes and the. 


first usually highly predominate. There might 
be some constant relationship between the 
sum of the slip and pull area on one side and 
the geometrical cross-sectional plane on the 
other. This point, however, is by no means 
clear and must be covered by enormous 
amounts of testing supplemented by some- 
thing better than a perfunctory description 
of the fractures obtained. 
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3. True Stress at Fracture—This factor -4 


would appear to be easy of determination. 


Just watch the load and measure the minimum ~ 


section in the region of the fracture. But, © 
this is easier said than done. Except in a © 


few cases we can be sure only of the maximum 
load, not of the load at the moment of fracture 
(Fig 9). To find the plane of the minimum 
section is also quite difficult. When an ordinary 
report states “87 pct” of area reduction, the 
error of 1 pct even of 2 pct means next to 
nothing as far as the quality of the sample 
is concerned. If, however, we use the remaining 
area of 13 pct as a divisor in order to compute 
the true stress, the change of that figure to 
14 Or 12 pct must obviously mean a great 
deal. In the creep experiments, for instance 
the remaining area might be as small as 
4 pct, but we cannot be sure that it is neither 
5 nor 3 pct. In short, the computation of 
true (average) stresses beyond the yield 
point can hardly carry enough accuracy to be 
of value for the physics of metals. 

4. True Stress and Heat of Fusion—Here we 


come to the actual beginning of the present — 


paper. Mr. Saibel offered to show how the 
true stress might be computed from the data 
of fusion heat and the volume change during 
the melting. The idea in itself is by no means 
radically wrong, but it does not rate the 
adjective ‘‘thermodynamical,’” for there is 
very little thermodynamics in Saibel’s paper. 
This adjective should not be misused. 

The trouble starts, however, 
examine Saibel’s formulas, assuming that 
there was no error in typesetting. His formula: 


u = JLm.AV/V 


connects strain energy per unit of volume (x) 
with the fusion heat per mol (£m), the latter 
being reduced to its mechanical equivalent by 
multiplying with the factor J equal 3086.12. 
(2.54).8 That (2.54)® would be right had the 
original fusion heat (in kilogram calories) been 


given per cubic centimeter, but since Saibel 


says ‘‘per mol,’’ it simply does not make sense. 
Neither does the whole formula stated above 
and connecting it with Eyring’s model of 
liquid metal as containing holes (equal in 
volume to the change in volume) help a bit. 


Further objections can be made to Saibel’s — 


Tables 2 and 3° where he compares his com- 
putations with the experimental data. No 
doubt the agreement is striking, but can 
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Mr. Saibel prove that the fusion heats of a 
0.12 pct carbon steel or SAE 2345 are identical 
with those of pure iron, and that the volume 
changes on fusion remain identical too? 

5. An Apparently Simpler Connection—It 
seems to me that a much simpler connection 
between fusion heat and true stress might 
apply without any need for dragging in the 
volume change in fusion. I offer here a table 
of fusion heats per mol (Table 9) as taken 
from ‘Thermochemistry of Chemical Sub- 
stances,’’ by Bichowsky and Rossini (col. A). 

Column B shows the same per cu cm 
in gram calories, and these values multiplied 
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For curiosity’s sake, I include some data 
on the soft metals lithium and sodium and on 
the noncubic metals. The data on ultimate 
tensile strength in these cases are too far 
from being reliable but they show that lithium 
and sodium should suffer an area reduction of 
over gg pct. The theoretically worst cases are 
those of antimony and bismuth, which are 
“brittle,” and this brittleness indicates to 
me that their crystals are built of molecules 
of two or more atoms, just as solid phosphorus 
must be built of even larger molecules. There 
is no reason why a polyatomic vapor should 
crystallize monatomically; i.e., why the bonds 


TABLE 9—Fusion Heat and Tensile Data for Pure Metals 


A (Hest of [CS SC (Ul re E 
eat o “Stress’’ Cor- timate 
Element aod a Fusion per responding to Tensile oe of oa oe 
gy eae C.C.) Gram- | B Value), Strength) Area) D/G HED) 
Cees cal 1000 Psi 1000 Psi F 

Al 2.30 230 140 8.4 6 04 

Fe 3.90 540 330 38.0 I2 88 

Ni 4.30 660 400 49.0 I2 88 

Cu 3.20 450 280 32.0 Pi 890 

Pd 3.60 390 240 23.0 10 90 

Ag 2). 70 270 160 18.0 II 890 

Pt 5.30 580 350 19.0 6 94 

Au 3.10 300 180 17.0 9 91 

Pb 1.30 70 43 1.4 3 97 

Li 0.76 58 35 0.3? I 99 

Na 0.63 26 16 0.35? 0.2 99.8 

Be 2.50 500 300 Gi are 18 82 

Mg 1.70 I20 74 oy nO 36 64 

Zn. 1.70 I90 I15 15 14 86 

Cd 1.50 II5 70 Dad 2 98° 

Sn 1.70 105 63 2.2? 3.5 06.5 

Sb 4.80 260 160 ? : 

Bi 2.65 125 76 ? 
ee ee Oe eee 


by 607 and divided by one cubic inch yield 
a hypothetical pressure stress in lbs sq inch 
that must be balanced out in order to liquefy 
the bonds between adjacent atoms. (Column C). 

Column D contains data on the ultimate 
tensile strength found for high purity wrought 
metals as collected in Van Arkel’s “Reine 
Metalle.”? And if we express in percentage the 
D/C ratios we obtain the figures of column E 
which should correspond to the percentages 
of area remaining in the minimum cross- 
section on fracture. I think it rather striking 
that these figures of remaining areas fall 
within very narrow limits—at least for the 
cubic lattice metals of technical importance— 
and that the corresponding reductions of 
areas are quite close to those actually en- 
countered in ordinary testing on technically 
pure metals wrought and annealed. 


between the atoms in its molecules should be 
broken. 

6. Strain Relationships—Saibel claims, in 
the further development of his formula, that 
it permits calculation not only of the true 
stress but of the true strain as well, and no 
doubt his tables exhibit a very good agreement 
between the few facts and his theory. I will not 
try to disprove his further computations, 
since in my opinion he begins with a faulty 
construction and reproduces not. a_ single 
complete computation. I intend, however, to 
examine the question of the true strain in 
some detail. 

What is a “strain,” anyway? It seems to 
me that the engineering fraternity simply over- 
looks its fundamental meaning. Representing 
instantaneous strain by the expression dL/L 
was logical enough in olden times when 
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nothing was known about atoms and atomic 
distances. Today the situation is different 
and the axial strain means the absolute 
shift of neighbor atoms along the axis of the 
stress. In short, it is a distance traveled by the 
atoms under the action of the stress and 
apparently it remains almost identical for 
all atoms up to the yield point; i.e., as long 
as the sample is not geometrically disturbed. 
However, as soon as the flow starts the uni- 
formity of atomic movement ceases. Necking 
can be due only to the large difference in 
the distances traveled by the individual atoms 
and nothing concrete is known so far about 
the distribution of such individual movements. 
Consequently, talking about anything but 
instantaneous strain in a plastic deformation 
is illusory, and even the instantaneous one 
is highly indefinite. 

For this reason I object to the faulty use 


‘ LdL Part 
of the integral ; ar for the description of 


the total strain. A mathematical integral 
may be true without its physical application 
being true. And so it happens that the integral 


[EF = logn (=) yields a figure, but 
that figure has no physical meaning. For just 
imagine the incongruity of the statement 
that the application of a stress produces—a 
logarithm. True enough, the curve for true 
stress vs. true strain plotted on the basis of 
the concepts to which I object appears to be a 
straight line—which means a lot. 

I think, however, that this straight-line 
relationship is highly doubtful, and besides 
would mean merely that stress runs propor- 
tionate to a number that hardly can contain 
a physical meaning. Furthermore, I must 


o 


object to the substitution of 2 log R for 


log é. Ludvig’s idea that the volume does 


not change during the plastic deformation 
does not rest on a solid ground, for we know 
nothing about the volume situation during 
the flow. Assuming that the actual change 
of volume approximates that obtaining in heat 
expansion prior to melting, we might expect 
volume changes as much as 5 pct. Besides, 
there is no valid reason for selecting the 
section of minimum area; i.e., of the rapidest 
loss of its atoms as the basis for computation. 
Any other section that takes part in the plastic 
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flow is just as eligible, and is likely to produce 


smaller errors, except for the fracture stress. 


CONCLUSIONS 


1. We are still too far away from the 
knowledge of the true actual stresses during 
the plastic flow, and even the true average 
stress in the flow’s final stages can hardly 
be computed with a fair degree of precision 
from the very elementary experiments per- 
formed or suggested so far. 

2. There appears to be a true connection 
between the stress at fracture and the heat of 
fusion, but even that might be found to be 
spurious unless corroborated by numerous 
and painstaking experiments using a much 
higher precision of load, and dimensional 
recording. 

3. The true strain corresponding to the 
individual distances of atomic travel cannot 
be described by the simple method of looking 
up logarithms. 


EDWARD SarBEL (author’s reply)—The 
points brought up by Dr. Poncelet are very 
interesting and must eventually be answered. 
However, it must be pointed out that nowhere 
in the proposed theory is it assumed that 
fracture is instantaneous. When the energy 
density reaches a certain critical value, the 
material goes from one state to another. It 
should be possible to work out the length 
of time it takes to accomplish this when the 
mechanism of fracture is discussed. Further- 
more, being thermodynamic in character, 
it is not correct to say that this theory is 
based on or follows a maximum stress criterion. 
As for the influence of the surrounding medium, 
it has been shown that for ductile metals it is 
unimportant in the ordinary tensile test. 
In the case of glass or other materials for 
which the chemical energy associated with 
the loosening of atomic or molecular bonds 


is important, there is no reason why this — 
chemical energy cannot be considered along. 


with the mechanical energy operative. 


The statement of Dr. McAdam that a 


theory must be shown to be correct in all 
its implications is one with which there can 
be no. quarrel. Unfortunately, no physical 
(or mechanical, to use Dr. McAdam’s ter- 


minology) theory has ever been devised that — 


can satisfy that criterion. One theory is better 
than another only in so far as it explains and 
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correlates more facts or leads to more accurate 
predictions. The author believes that the 
proposed theory does give a rational explana- 
tion of a wider variety of phenomena in the 
fracture of metals than any hitherto proposed. 
For example, the work of Bridgman on the 
effect of hydrostatic pressure upon the tensile 
test is shown to need no special criterion for 
the onset of fracture. This particular case is 
singled out because the initial energy density 
may be taken as the applied hydrostatic 
pressure just preceding fracture. In general, 
structural changes affect the initial energy 
density. At the present time it is a quantity 
that must be found indirectly. As for the effect 
of plastic deformation (prior strain) on the 
fracture strength, the author has analyzed 
the sequence of operations by means of which 
this is measured; namely, straining a_pre- 
determined amount at room temperature, a 
lowering of the temperature, and pulling 
to fracture with little additional ductility. 
The results, based on the author’s theory of 
fracture, show just the same sort of relation- 
ship as indicated by Dr. McAdam. It is 
hoped that this work will appear soon. 

In all the work familiar to the author that 
touches on the effect of compressive strain 
on the fracture stress, the results are masked 
by so many extraneous phenomena as to 
make the results inconclusive. It is certainly 
imperative that some definitive work be done 
along these lines. Dr. Hollomon has also 
brought up the work of Swift on torsion. The 
fact that not only is there no satisfactory 
analysis of the state of stress for large strains 
in torsion, but there is not even agreement 
as to what constitutes the definition of the 


strains themselves, makes work in torsion 


difficult to interpret. At one time it was thought 
necessary to introduce a micro-crack structure 
to explain differences between the significant 
‘(or octohedral) stress-strain curves in tension 
and in torsion. However, a better analysis 


of the state of stress in the necked region of 


the tensile specimen brought the two curves 


into closer agreement, and it is no longer 


necessary to postulate the micro-crack theory 
for this purpose. However, it must not be 


assumed that the author implies that real 


cracks have no effect. on the problem of frac- 
ture. Certainly the energy density, as pointed 
out in the paper, is affected by structure, 


put the precise calculation of the effect is a 
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difficult matter. As for the energy available 
for fracture, the experiments of Taylor and 
Quinney, or those of Taylor and Farren, 
show what percentage of the mechanical 
energy is converted into heat averaged over 
the entire specimen. Obviously, it would be 
impossible to measure directly that per- 
centage in the critical volume of matter 
where fracture starts. The point is that the 
entire specimen does not fracture everywhere 
simultaneously. 

The author realizes that much is left un- 
solved and that he has not offered a complete 
theory with the answers to all problems, but 
he hopes that the theory will serve as both 
a guide to future experimentation and a help 
in organizing and correlating much of the 
data available at the present time. 


J. H. Hottomon—In surveying in general 
the sessions this morning and this afternoon, 
several general conclusions may be drawn. 
One is that the effect of combined stresses on 
plastic flow, at least for small strains, seems 
to be well correlated. Certainly, the effects 
of strain rate and temperature are not well 
understood, particularly if the histories of 
the strain rate and temperature vary during 
the deformation. The problem of instability 
can be solved for cases in which the stress 
ratios remain constant during the deformation 
and for cases in which the strains are fairly 
well known. Analytical methods will permit 
the solution in simple cases where there is 
geometrical symmetry. 

Concerning the problem of fracture, which 
was probably the prime interest of this sym- 
posium, it might be said that there are two 
theories that have been proposed relating to the 
fracture of more or less real metals. The first 
of these stems from the ideas of Griffith, 
that fracture occurs when the stress concentra- 
tion at the end of any defect reaches a critical 
value and then that crack propagates. 

The second theory concerns a notion pre- 
sented here today, originated by Born, in 
which fracture begins when local melting 
occurs. I think it might be pointed out that 
in the earliest theory of fracture Griffith 
suggested that the problem may be considered 
in either one or two lights. We may consider 
that a crack propagates when the stress con- 
centration at its end is large enough, or when 
the metal at its end melts. 
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I think that these two notions—the one 
of stress concentration and the one of /ocal 
melting—require fundamentally the same 
mathematics and will lead to essentially the 
same results. 

The metal fractures when the energy, due 
to the stress concentration, reaches a certain 
value. That value may be one necessary to 
cause the fracture to propagate, or the one 
necessary to form new surfaces, or it may be 
energy necessary to locally melt the material. 
These differences in point of view probably 
can be resolved. 

There is, however, a real problem—the 
effect of one variable is not at all understood, 
primarily because its effect is so hard to 
measure. This variable is the stress complex. 
This problem is connected closely with the 
one of the effect of size, because in order to 
vary the stress state generally the size must 
be changed. One theory that was proposed 
this morning predicts exactly the opposite 
effect of complex stresses to that observed 
by at least two sets of investigators in this 
field. 

So, I think that while some progress is being 
made—and I am gratified to see that theoretical 
approaches are being attempted—there is 
much left to do and much to understand. 


E. A. Davis*—The problem of fracture of 
metals is a very interesting but complicated 
problem, and one that the writer of this 
discussion believes should be studied from 
various points of view. Efforts in the past 
to explain fracture in terms of maximum 
average stresses or maximum average strains 
have not resulted in any clear and accurate 
theory of fracture. Professor Saibel has made 
a rather novel approach to the problem of 
fracture and has succeeded in showing good 
agreement between calculated and observed 
values of the fracture stress. Such’ methods 
should be studied with interest, for probably 
it will be from novel approaches like these 
that ultimate clarification of the many phases 
of the fracture problem will be achieved. 

Professor Saibel has distinguished between 
purely brittle fracture and fracture that has 


* Mechanical Engineer, Westinghouse Elec- 
tric Corp., East Pittsburgh, Pa. 


A THERMODYNAMIC THEORY OF THE FRACTURE OF METALS 


geret ane 


been preceded by plastic flow. It may be well 
to point out that in the latter there are, in” 
general, two types of fracture. These may be 
referred to as brittle and shear types of frac- 
ture. In a solid tensile specimen the fracture 
usually originates in the center of the cross_ 
section as a brittle type fracture and ends 
as a shear type fracture in the shape of a cone. 
Probably all of the data used by Professor 
Saibel came from specimens that broke in this 
manner. When tubular specimens break 
under internal pressure, the fracture originates 
as a shear-type fracture, which may later 
develop into a brittle type as the tube tends’ 
to tear apart. 

In some recent tests#® on tubular specimens 
the writer observed that the specific energy 
stored in the material varied over a wide 
range under different types of loading. These 
fractures, however, were all of the shear type. 
The writer has wondered whether or not the 
thermodynamic theory should apply to a 
shear-type failure and would like to have 
Professor Saibel comment on this. ° 


a 


Epwarp Satpet—The author wishes to 
thank Mr. Davis for his interesting dis- 
cussion. The data used in the first part of the — 
paper were, as pointed out, all taken from 
solid tensile specimens. The reason for this 
was the fact that only nominal stresses are 
reported at fracture in such specimens as — 
the tubular ones under internal pressure and 
axial loads. Local conditions such as bulging 
or thinning down of the wall sections make 
the accurate determination of the streaae 
system at fracture impossible at the present 
time. This also makes specific energy calcula- _ 
tions at fracture unreliable. For this reason : 
the theoretical calculations of stresses and— 
strains at fracture in cases of this type were 
not compared with experimental findings. 
The author believes however that the criterion 
developed applies. The problem of the prediog: 
tion of the appearance of the fracture must _ 
come from a mechanistic study rather than 
from a thermodynamic one. | 


40 E. A. Davis: Yielding and Fracture 
Medium-Carbon Steel under Combined Stres: 
Trans. Amer. Soc. Mech. Engrs. (1945) 67, 
413. 
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